UNCLASSIFIED 


AD  NUMBER:  AD0250673 

_ LIMITATION  CHANGES 

TO: 

Approved  for  public  release;  distribution  is  unlimited. 


FROM: 


Distribution  authorized  to  U.S.  Gov't,  agencies  and  their  contractors; 
Administrative/Operational  Use;  31  DEC  1960.  Other  requests  shall  be 
referred  to  Office  of  Naval  Research,  Arlington,  VA  22203. 


_ AUTHORITY 

ONRItrdtd4May  1977 


THIS  PAGE  IS  UNCLASSIFIED 


r*» 


THIS  REPORT  HAS  BEEN  DELIMITED 
S^AND  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DOD  DIRECTIVE  5200.20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE. 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMHED, 

-  ;  - 


UNCUSSIFIED 


An  250  673; 

UtOAoduC^i 

If  Hit 


ARMED  SERVICES  TECHNICAL  INFCRMAIION  AGENCY 
ARUNGION  HALL  STAnON 
ARUNCrON  12.  VIRGINU 


IfOTICI:  When  govenment  or  other  drawings^  sped* 
ricatlonf  or  other  date  are  used  for  any  puzpose 
other  than  in  connection  with  a  definitely  related 
goveraaent  procureaient  operation,  the  U.  S. 

Oovenaent  thereby  Incurs  no  responsibility,  nor  any 
obligation  idiat  soever;  and  the  fact  that  the  Govern - 
■ent  say  have  fonsuleted,  fUxnlahed,  or  In  any  vay 
supplied  the  said  drawings,  specifications,  or  other 
data  ia  not  to  be  regarded  by  Implication  or  other- 
vise  aa  in  any  annner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rli^ts 
or  pemiaslon  to  SMurnfacture,  use  or  sell  any 
patented  Invention  that  may  In  auay  vay  be  related 
thereto. 


FINAL  RB>OtT  ON 
CONTRAQ  Nonr-3109(00) 


O 


C/5 


Investigations  on  the  Direct  Conversion  of  Nuclear  Fission  Energy 
to  Electrical  Energy  In  Plasma  Diode 


December  31,  1960 


XEROX 


riPBR 

Corporation 


Research 

Laboratories 

AST(/1 


I 


MASTER  DISTRIBUTION  LIST 

Contract  Nonr-31 09(00) 


Powtr  Branch  (Code  429) 

Office  of  Naval  Research 
Washington  25,  D.  C. 

Cognizant  ONR  Area  Branch  Office 

U.  S.  Naval  Research  Laboratory 
Technical  Information  Division 
Washington  25,  D.  C. 

Naval  Research  Laboratory 
Code  6430 

Washington  25,  D.  C. 

Commanding  Officer 
Office  of  Naval  Research  Branch  Office 
Box  39  Navy  ^100  Fleet  Post  Office 
New  York,  N.  Y. 

Office  of  Technical  Services 
Department  af  Commerce 
Washington  25,  D.  C. 

Armed  Services  Technical  Information  Agency 
Arlington  Hall  Statian 
Arlington  12,  Virginia 


National  Aeronautics  &  Space  Administration 
1512  H.  Street 
Washington  25,  D.  C. 

Attn;  James  J.  Lynch 

National  Aeronautics  &  Space  Administration 
Lewis  Research  Center 
2100  Brookpark  Road 
Cleveland  35,  Ohio 
Attn;  Frank  Ram 

Roland  Breitwieser 
Bernard  L'  barsky 

Chief,  Bureau  of  Ships 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn;  Code  342B 

Code  1500,  LCDR  j.  H.  Weber 


Master  Distribution  List  (cont'd) 
Contract  Nonr  3109(00) 


Chief  of  Naval  Operations  (OP-07G) 
Department  of  the  Novy 
Washington  25,  D.  C. 

Division  of  Reactor  Development 
U.  S.  Atomic  Energy  Commission 
Washington  25,  D.  C. 

Attn:  LCOL  G.  M.  Anderson 
Doyle  Rauch 

Wright  Air  Development  Division 
(WWRMFP) 

Wright  Pgtterson  Air  Force  Bose 
Ohio 

Air  Force  Cambridge  Research  Center 
(aZAP) 

L.  G.  Hanscom  Field 
Bedford,  A^ssachusetts 

Power  Informotion  Center  (SP-01) 
University  of  Pennsylvonia 
Moore  School  Building 
200  South  33rd  Street 
Philadelphia  4,  Pennsylvania 

Mr.  A.  F.  Underwood 
Manager,  General  Motors  Research  Lobs. 
12  Mile  and  Mound  Rood 
Warren,  Michigon 

Attn;  Dr .  D .  H .  Loughridge 

Atomics  International 
P>  0.  Box  309 
Canoga  Park,  California 
Attn:  Dr.  N.  S.  Rasor 

General  Atomic 
P.  0.  Box  606 
San  Diego  12,  California 
Attn;  Dr.  R.  W.  Pidd 
Dr .  R .  C .  Howard 


Master  Distribution  List  (cont'd) 
Contract  Nonr  3109(00) 


Republic  Aviation 
Farmingdale 
Long  Island,  N.  Y. 

Attn;  A.  Schock 

Director  of  Special  Projects  (SP-01) 
Department  of  the  Novy 
Washington  25,  D.  C. 

North  Carolina  State  College 
Raleigh,  North  Carolina 
Attn;  Dr.  A.  C.  Menius 

Allied  Research  Associates,  Inc, 

43  Leon  St. 

Boston  15,  Massachusetts 
Attn;  Dr.  P.  Goodman 

Ford  Instrument  Company 
31 10  Thomas  Ave. 

Long  Island  City,  N.Y. 

Attn:  T .  Jarvis 

Armour  Research  Foundation 
low.  35th  St. 

Chicogo  16,  Illinois 

Attn;  Dr.  D.  W.  Levinson 

Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  California 

RCA  Laboratories 

David  Sarnoff  Research  Center 

Princeton,  New  Jersey 

Attn;  Dr.  L.  S.  Negaard 

Los  Alamos  Scientific  Laboratory 

P.  O.  Box  1663 

Los  Alamos,  New  Mexico 

Attn:  Dr.  George  M.  Grover 


Mosttr  Distribution  List  (cont'd) 
Contract  Nonr-31 09(00) 


Thtrmo  Eloctron  Enginotring  Corporotion 
85  First  Avcnut 
Waltham  54,  Mossachusttts 

Attn;  Dr.  Goorgt  N.  Hatsopoius 

Tho  Martin  Corporation 
Baltimore  3,  Maryland 
Attn;  D.  N.  Tolat 

Argonne  National  Laboratory 
9700  South  Cass  Ave. 

Argonne,  Illinois 

Attn;  Aaron  J.  Ulrich 

Hughes  Research  Laboratories 
3011  AAalibu  Cannon  Road 
Malibu,  California 

Attn;  Dr,  R.  C.  Knechtli 

Thomson  Ramo  Wooldridge,  Inc. 

7209  Platt  Ave. 

Cleveland  4,  Ohio 

Attn:  Wm.  J.  Leovic 

General  Electric  Research  Laboratory 
Schenectady,  New  York 
Attn;  Dr.  V.  C.  Wilson 

Westinghouse  Electric  Co. 

Research  Laboratories 
Beulak  Rood 
Churchilboro 
Pittsburgh,  Pennsylvania 
Attn;  Dr .  Max  Govbuny 


*  Abitract.  Contract  Nonr-3109r00\ 

1 1 .  Exporimontol  &  thoorotieal  studios  on  th#  Fission 
frogmtnt,  nobU  gas  plasma  diodo  for  dirtet  con¬ 
version  of  nuclear  energy  to  electrical  energy. 

1 2.  Electron  emlsslvity  measurements  In  connection 
with  material  research  on  uranium  bearing  cathodes. 

3.  Spectral  meosurements  of  cesium  plosmos  yielding 

1  data  on  electron  temperatures  ond  Ion  number  densities. 

4 .  Preliminary  measurements  of  o  pulsed  noble 
^gos  plasma  diode. 

Abstract.  Contract  Nonr-31 09(00) 

1 .  Experimental  &  theoretical  studies  on  the  fission 
fragment,  noble  gas  plasma  diode  for  direct  con¬ 
version  of  nuclear  energy  to  electrical  energy. 

2.  Electron  emlsslvity  measurements  In  connection 
with  material  research  on  uranium  bearing  cathodes. 

3.  Spectral  measurements  of  cesium  plasmas  yielding 
data  on  electron  temperatures  end  Ion  number  densities 

4.  Preliminary  measurements  of  a  pulsed  noble 
gas  plasma  diode. 

Abstract.  Contract  Nonr-3109f00) 

1 .  Experimental  &  theoretical  studies  on  the  Fission 
fragment,  noble  gas  plasma  diode  for  direct  con- 
-/ersion  of  nuclear  energy  to  electrical  energy. 

2.  Electron  emlsslvity  measurements  in  connection 
with  material  reseorch  on  uranium  bearing  cathodes. 

3.  Spectral  measurements  of  cesium  plosmos  yielding 
data  on  electron  temperatures  and  ion  number  densities. 

4.  Preliminary  measurements  of  a  pulsed  nobfo! 
gas  plasma  diode. 

Abstract.  Contract  Nonr-3 109(00) 

1 .  Experimental  &  theoretical  studies  on  the  fission 
frogment,  noble  gas  plasma  diode  for  direct  con¬ 
version  of  nuclear  energy  to  electrical  energy. 

2.  Electron  emissivity  measurements  In  connection 
with  material  research  on  uranium  bearing  cathodes. 

3.  Spectral  measurements  of  cesium  plasmas  yielding 
data  on  electron  temperatures  and  Ion  number  densities 

4.  Preliminary  measurements  of  a  pulsed  noble 
gas  plasma  diode. 

Abstract.  Contract  Nonr-31 091001 

1 .  Experimental  &  theoretical  studies  on  the  fission 
fragment,  noble  gas  plasma  diode  for  direct  con¬ 
version  of  nuclear  energy  to  electrical  energy. 

2.  Electron  emlsslvity  measurements  In  connection 
with  moterial  research  on  uranium  bearing  cathodes. 

1.  Spectral  measurements  of  cesium  plasmas  yielding 
data  on  electron  temperatures  and  ion  number  densities. 

4.  Preliminary  measurements  of  a  pulsed  noble 

jos  plasma  diode . 

Abstract.  Contract  Nonr-31 09(00) 

1.  Experimental  &  theoretical  studies  on  the  fission 
fragment,  noble  gas  plasma  diode  for  direct  con¬ 
version  of  nuclear  energy  to  electrical  energy. 

2.  Electron  emissivity  measurements  in  connection 
with  materiol  research  on  uranium  bearing  cathodes. 

3.  Spectral  measurements  of  cesium  plasmas  yielding 
data  on  electron  temperotures  and  ion  number  densities. 

4.  Preliminary  measurements  of  a  pulsed  noble 
gas  plasma  diode. 

Abstract.  Contract  Nonr-3 109(00) 

’ .  Experimental  &  theoretical  studies  on  the  fission 
fragment,  noble  gas  plasma  diode  for  direct  con¬ 
version  of  nuclear  energy  to  electrical  energy. 

Electron  emissivity  meosurements  in  connection 
vith  material  research  on  uranium  bearing  cathodes. 

3.  Spectral  measurements  of  cesium  plasmas  yielding 
|Iata  on  electron  temperatures  and  ion  number  densities. 

1  .  Preliminary  measurements  of  a  pulsed  noble 
gas  plasma  diode. 

Abstract.  Contract  Nonr-31 09(00) 

1 .  Experimental  &  theoretical  studies  on  the  fission 
fragment,  noble  gas  plasma  diode  for  direct  con¬ 
version  of  nuclear  energy  to  electrical  energy. 

2.  Electron  emissivity  measurements  In  connection 
with  material  research  on  uranium  bearing  cathodes. 

3.  Spectral  measurements  of  cesium  plasmas  yielding 
data  on  electron  temperatures  and  Ion  number  densities. 

4.  Preliminary  measurements  of  a  pulsed  noble 
gas  plasma  diode. 

TABLE  OF  CONTENTS 


Introduction 
Reactor  Experiment  I 
Reactor  Experiment  II 
Reactor  Experiment  III 

Thermionic  Emiulon  Studies  of  UC-Nb  Cermet  Cathodes 

Ceramic  Noble  Gas  Diode 

Plasma  Spectroscopic  Studies 

Present  Material  Program  at  BMI 

Future  Planning 


Diode  I  Sub-Assembly 
Reactor  Test  Installation 
Diode  I  Cathode  Temperature-vs-Reoctor  Power 
Diode  II  Perspective  Sketch 
Diode  II  V-l  Curves 
Ceramic  Diode  -  NGPD  Configuration 
Diode  III  Sketch 
Diode  III  Inpile  V-l  Curves 
Diode  III  Forward  &  Back  Emission  Curves 
Bock  Emission  Recovery  After  Activotion 
Diode  III  Open  Circuit  Voltage  &  Emission-Time  Curves 
Diode  III  Time  Variation  Currants 
UC-Nb  Cathode  Emission  Currant  Oscillogram 
UC-Nb  Cathode  Schottky  Curves 
UC-Nb  Richardson  Piot 

UC-Nb  Cathode-vs-UC  Cathode  Emission  Data 
Present  Design  of  Ceramic  Diode 
Spectrographic  Apparatus  Arrangement  for  Cesium 
Plasma  Studies 

Eiectron  Temperature-vs-Cathode  Anode  Position 

Appendixes 


Figures 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 


Page 

1 

2 

4 

6 

9 

11 

12 

15 

16 


17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 


I  Noble  Gas  Fission  Fragment  Diode  Theory 

II  ...  .  .  . 

III  Diffusion  Thoory  Applied  to  Experimental  Results  of 

Reactor  Experiment  II 

IV  UC-Nb  Cathode  Preparation 

V  Temperature  Distribution  in  a  Ceramic  Tube  Diode 

VI  Thermochemical  Equilibrium  Calculations  Applicable  to 

Selected  Construction  Materials 
Vil  Cesium  Diode  Oscillations 


22  pages 
26  pages 
14  pages 

1  page 
20  pages 
9  pages 


15  pages 


Introduction 


1.  .  Thttfftct  originally  noticod  by  Edison  In  which  an  •l•ctrlccurr•nt  flow* 

bftwowi  a  tot  and  a  cold  titctrode  in  an  avacuattd  spact,  hot  long  b^n  rtcognlzod 
as  pottntlally  providing  tht  moans  for  diroct  oonvenlon  of  hoot  onorgy  to  oloctrical 
•ncrgy.^  ^  In  roeont  yoors,  an  Incrooslng  amount  of  offort  has  boon  appllod  to  tho 
problom,  particularly  within  Industrial  and  govommont  laboratorios.(2)*(6)  At  tho 
proswt  timo,  tho  thormlonlc  approachos  to  tho  problom  con  bo  roughly  dividod  Into 
tho  high  vacuum  diodos  and  tho  gas  Hllod  diodos.  Within  tho  lattor  class,  tho  uso 
of  cosium  gas  has  attro^od  tho  groatost  attontlon .  It  was  originally  shown  by 
Klr»gdon(7)  that  whon  cosium  Impingos  on  a  tot  tungston  filamont 

cl  M  “"vortod  practically  complotoly  Into  cosium  Ions. 

S  milar  offocts  would  bo  expoctod  In  tho  coso  of  ony  motal  whoso  work  function  Is 
highor  than  ionization  potontial  of  tho  Impinging  atom.  Howovor,  tho  prosonco 
of  such  positive  ions  on  tho  surfoco  of  tho  motal  lowers  tho  work  function  of  that 
motol  and  results  therefore  in  reducing  tho  efficiency  of  tho  Ionization  process  whon 

?  ^  '» covered  by  tho  atoms. 

(About  20%  coverogo  In  tho  coso  of  coslum  on  tungsten  .)(6) 


In  the  summer  of  1958,  It  was  suggested,  ot  tho  General  Motors  Loboratorlos, 
that  the  fission  fragments  produced  in  tho  fissioning  of  a  uranium  cathode  might 
produce  sufficient  ionization  density  in  o  noble  gas  to  cause  tho  formation  of  o 
plasma.  A  diode  of  this  type,  having  o  uranium  containing  cathode,  would  release 
fission  fragments  of  sufficient  onorgy  to  Ionize  readily  the  noble  gas  In  the  diode 
even  though  the  Ionization  potential  of  the  noble  gas  Is  high  in  comparison  to  thot 
of  ^lum.l^  A  group  wos  established  by  GM  AAsnogemont  to  Investigate  tho  field 
of  ih^ermlonic  diroct  conversion,  and  It  was  determined  that  the  first  objective  would 
be  the  study  of  conversion  of  nuclear  heat  by  the  fission  fragment,  noble  gas,  diode 
concept.  A  contract  between  GM  and  the  University  of  Michigan  for  the  use  of  the 
otter  s  research  reactor  and  hot  cells  was  consummated  during  the  fall  of  1958.  By 
late  spring  of  1959,  the  first  noble  gas  diode  with  a  UC  cathode  wos  designed, 
fabricated  and  ready  for  test. 

2.  •  Investigators  Responsible  for  the  Work 

The  work  described  in  this  report  has  been  carried  out  in  the  Physical  Research 
Department  of  the  General  Motors  Laboratories.  The  work  has  been  directed  by 
Dr.  Donald  H.  Loughridge,  Department  Head.  The  reseorch  scientists  and  engineers 
«tive  in  thb  various  investigations  described  In  this  report  ore:  Dr.  Frank  E.  Jamerson, 
Dr.  Robert  Silver,  Mr.  Charles  B.  Leffert,  Mr.  Richard  H.  Abrams,  Jr.,  Mr.  Robert 
Donohue,  Mr.  Robert  Hill,  and  Mr.  William  j.  LeGray.  Technical  assistants  are 
Mr.  Richard  Dusman,  Mr.  James  Bedard,  Mr.  Charles  Williams,  and  Mr.  Arthur 
Dolenga,  glass  blower. 

(1)  W.Schllchter,  dissertation.  University  of  Gottingen  (1915) 

(2)  H.Moss,  Brit.  J. Electronics  2,  305,  1957 

(3)  M.J.O.  Strutt,  Proc.lnst.  Radio  Engs.  40,  601,  1952 

(4)  G.Medicus  &  G.  Wehner,  J.Appl.Phys.  22,  1389,  1951 

(5)  Hernqvlst,  Kanefsky  &  Norman,  RCA  Review,  19,  244,  1958 

(6)  V.C.Wilson,  J.Appl.Phys.  30,  475,  1959 

(7)  I. Langmuir  and  K.H.Kingdon,  Science,  57,  58,  1923 

(8)  Jablonski,  Leffert,  Silver,  Hill,  Loughridge,  J.Appl.Phys.  30,  2017,  1959 


CooprtiHng  Greupi 


diodes. 


Dr.  K.  H.  Kingdon  has  contributed  to  the  work 
ond  the  puised  diode  concept. 


on  cesium  diodes 


Dr.  Horn  Grlwn,  Uiily.r.l»y  of  Atorylond,  hcubMH 
to  the  work  on  plasma  spectroscopy. 


0  consultant 


Til.  Uolv.rsily  of  Miehigoo  ™«etor  .nglnom  Imv.  preyidwl  «Ubl.  coop.™tlon, 

ili«l  invwtigotioos,  ond  d.y.lopni«,»,  of  vorlow  lullobl.  colbodw  ond  mottrloU. 

gr«.l»  ol!w  ?n™'t.'rT,«'’  “T’'*’"'’  M*'""''rgy,  1-hy.Ic,,  ond  P™c«,Ing  bo». 

*vie«,  r.!tctl*.ly.  ""J  construction  of  lobototory 


Reoctor  Experiment  I 

Fig,  1  I,  a  o’iagrom  of  the  first  experimental  cell .  The  UC  cothod.  far  H,}. 

w*th  excewTo*  Lotorotory  and  was  mode  by  reducing  UOo 

•♦u  t  ^  onolysis  showed  obout  0,3%  UOo  rematntnn  ^ 

tutton  wo.  f««d  In  J^oCrlhl^' 

.h":;”of  zirr.!':  dt* ''c:!id’“ 

w“t.  ^  Pfonti; 


(9) 

(10) 


H.  W.  Lewis  &  J.  R.  Reitz, 
H.  W.  Lewis  &  J.  R.  Reitz, 


Los  Alamos  Memo  T-DO,  July  25  1958 
J.  Appl.  Phys.  30,  1439,  1959 
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r  II  ^  «>n«»*robl«  omount  of  tffbrt  wont  Into  tho  Iwot  transftr  ospocti  of  tho 
Mil  dtslgn.  Fig.  1  shows  tho  tantalum  radiation  shlolds  which  surround  tho  cothodo. 
For  radiation  w  th  noutrons,  tho  ontiro  assombly  was  plocod  at  tho  bottom  of  an 
aluminum  ehor^r  3  ft  long  by  3  In  O.O.,  and  tho  lattor  connoctod  to  a  20-ft 
l^th  of  aluminum  tubo  which  supported  tho  dovico  within  tho  reactor  core  under 
16  ft  dopA  of  water,  and  carried  all  tho  necessary  electrical  wiring  and  controls. 

0  2e 


*1'"*^*!*  thermionic  dota  on  the  reactor  cell  cathode  disc 

were  obtained  In  the  laboratory  prior  to  the  reactor  run,  since  the  U235c  sample 

provWed  by  began  to  show  signs  of  spallation  at  the  edges  ofter  heat  treatment. 

T^^sc,  which  ultimately  fractured  prior  to  assembly,  was  bonded  to  a  tantalum 
holder  with  a  niobium-tltanlum  alloy  to  remove  the  tendency  to  spall  at  the  edge. 

*  r  M  temperature  was  measured  by  thermocouples  and  indicated  1900*  K 

at  full  reactor  power.  Short  circuit  currents  up  to  0.02  amperes  and  open  circuit 
voltagw  of  about  1  volt  were  measured.  Cell  resistance  was  measured  as  a  function 
0  reactor  power  level  and  30  ohms  were  recorded  as  a  minimum  value.  Unexpectedly 
^e  ma|or  current  flow  was  to  on  electrically  Insulated  radiation  shield  which  could 
be  cmnect^  to  the  cathode .  A  series  of  separate  reactor  runs  were  made  under 
varying  M^ode-onode  gap  and  gas  conditions.  The  results  of  successive  runs 
Indicated  dwt  the  UC  5®*  ^‘9*  3.  This  situation 

very  definitely  confirmed  on  the  fifth  run  where  the  temperature  was  much  lower 
t^n  in  run*  at  the  some  reoctor  power.  During  the  subsequent  disassembly  In 
m6  hot  coll^  tho  UC  was  found  to  bo  in  piocos* 


The  first  inpile  experiment  allowed  the  following  conclusions  to  be  drawn: 

(a)  Cathodes  containing  UC  must  be  fabricated  In  such  a  woy  as  to 
better  withstand  the  effect  of  thermal  cycling. 

(b)  Tem^ratures  high  enough  for  satisfactory  electron  emission  from 

^11  cathodes  con  be  produced  in  UC  with  a  neutron  flux  of  about 
10  '^n/cm^  sec. 

(c)  Low  work  fuhetion  material  must  be  usbd  in  the  anodes. 

(d)  Improved  outgassing  and  construction  techniques,  which  will 
ensure  a  minimum  of  oxygen  contamlnotion,  must  be  utilized. 
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Pr#-lnplU  tmluion  studtM  of  cothodM  ar«  dMirablo  In  ordor  to 
snow  tht  txptcttd  IncrooM  In  diodt  curront  duo  to  th#  formation 
of  plasma  and  also  to  chock  tho  constancy  of  diodo  proportlos  by 
moons  of  post~lnpllo  omission  runs. 


nio  noblo  gas  plasma  diodo  roquirod  an  analysis  difforont  from  othor 
thormlonlc  diodo  convortors.  Tho  cathodo-onodo  gap  Is  flllod  with 
a  i^l*  9®*  which  bocomos  lonizod  by  fission  frogmonts  from  tho 
Mth^o.  This  gonoratos  a  plasma  of  low  fractlonol  Ionization 
which,  undor  tho  Influonco  of  tho  contact  potontlal  differonco  ond 
0  sufflclontly  small  coll  roslstanco,  allows  tho  diodo  to  oporato  os 
0  diroct  convertor  of  heat  to  oloctricity. 


Wirt,  •>)'  f  •  E.  In  colloi>OR»lon 

With  Prof.  W.  P.  Allis,  Consultant,  Is  givon  In  Appendixes  I  and  II. 


Reoctar  Experiment  || 

T^e  objective  of  the  next  experiment  was  to  study  the  Increose  In  cothode-onode 
current  obtained  when  o  plosmo  Is  produced  by  fission  fragments  being  Introduced  Into  the 
interelectrode  r^lon  of  a  noble  gos  diode  which  hod  os  cothode  and  anode  tungsten 
impregnated  with  ^rlum.  Each  of  these  electrodes  could  be  separately  electrically  heoted, 
^0  Fig.  4.  The  tube  Itself  was  of  aluminosilicate  glass  ond  was  baked  out  ot  450*  C. 

All  metallfo  ports  were  either  hydrogen  fired,  when  their  material  properties  allowed, 

(0.032  gr  U  p  0.0025  cm  thick  Is  attached  to  the  inside  diameter  of  a  tantalum 
cylinder  '^ich  is  3  times  larger  In  area  than  the  foil  and  surrounds  the  cathode  and 
anode.  This  thickness  of  U  U  about  2-1/2  times  the  fission  frogment  range.  The 
neutron  flux  available  in  the  U.  of  Mich,  reoctar  Is  about  3  x  10^2  neutrons/cm2sec 
and  the  nuci  wr  heat  developed  In  the  uranium  foil  was  estimated  at  9  watt$/cm2;  the 
heat  sink  radiated  0.9  watts/cm  2.  The  total  emissivlty  of  To  is  about  0.15  in  the 

in  a  uranium  foil  temperature  of  about 

Tu  considerations  show  that  at  this  temperature  the  uranium 

foil  should  be  quite  stable.  In  oddition  to  nuclear  heat,  there  was  the  heat  radiated 
from  the  cathode  and  anode  that  wos  intercepted  by  the  foil .  The  cathode  and  anode 
were  molybdenum  of  total  emissivlty  0.15.  The  cathode  at  1450*  K  radiated  4  watts 
and  the  anode  at  9W*  K  about  0.5  watt.  Thus  an  additional  0.45  watt/cm2  added  to 

^®°^  0  calculated  foil  temperature  of  around 

1  ^K.  (Um®ltsat1400*K).  The  gas  filling  was  Ne; A  (10 3;  1)  at  a  pressure 
of  20  mm  Hg.  Conduction  and  convection  losses  would  maintain  the  foil  temperature 
below  the  llOO*  K  mentioned  above,  ond  indeed  this  was  the  case  as  during  the  reactor 
runs  the  foil  temperature  attained  a  maximum  value  of  approximately  800*  K  Voltage- 
current  curves,  recorded  on  an  X-Y  recorder,  yielded  the  following  results: 
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(a)  Dtod«  characttrliHcs  taken  prior  ta  and  after  Inptle  operation  showed 
the  usual  retarding  field  ond  space  chorge  characteristics,  Indicating 
the  cathode  surfaces  ta  be  stable  under  neutron  radiation. 

(b)  Diode  measurenients  with  reactor  power  off  Indicated  negligible 
gamma  Ionization  effects. 

(c)  Inplle  V*t  characteristic  showed  an  Increase  on  short  circuit  current 
of  a  factor  of  30  over  the  out  of  pile  characteristic  at  the  some 
temperature.  See  Fig.  5.  The  Inplle  data  ore  similar  to  that 
obtained  in  the  cose  of  on  auxiliary  plasma  diode  operated  in  the  labora¬ 
tory,  Indicating  the  presence  of  o  plosmo  In  the  Inplle  experiment  of 
comparable  density.  The  plasma  number  density,  os  computed  from 

the  meosured  saturated  electron  current  and  with  electron  temperature 
equal  to  cathode  temperature,  ranged  from  4x10^®  to  2  x  10^^ 
lonv^cm3  over  the  temperature  range  1 150*  K  to  1450*  K  for  o 
neutron  flux  (os  experimentally  calibrated)  of  5  x  lO^^n/sec  cm2 
at  the  uranium  foil  in  the  diode. 


(d) 


(•) 


Diode  saturated  current  meosured  with  ***  10  volts  accelerating 
potential  on  the  anode  during  reactor  startup  showed  on  increase 
which  varied  as  the  square  root  of  the  power  level,  indicating  that 
plasma  density  is  recombination  controlled.  See  Appendix  III. 


More  quantitatively,  the  saturated  diode  current  was  measured  toJ>e 
1/10  of  the  saturated  cathode  emission  at  1150*  K,  and  1/50  of  the 
saturated  cathode  emission  at  1450*  K .  The  maximum  current 
densitiw,  measured  over  this  temperature  range,  were  10"2  ampv^cm2 
to  10"*amp$/cm2, 


In  order  to  explain  the  low  diode  saturation  current  (I  j.)  observed  (1/10  to 
1/50  of  the  saturated  cathode  emission  le)  it  is  assumed  that  the  emission  is  held  back 
by  a  negative  potential,  A  V  where  (See  Appendix  III) 

^  =  ln!il 
T.  I. 

If  it  is  further  assumed  that  the  space  around  the  electrodes  (see  Fig.  4),  where  the 
fission  fragments  are  densest  and  most  of  the  ionization  is  taking  place,  is  at  cathode 
potential,  or  at  a  constant  difference  from  cathode  potential,  then  the  voltage  AV 
will  pull  ions  into  the  interelectrode  space  and  may  cause  the  observed  increase  in 


-6- 


I  with  t«mp«raturt.  This  Inttrpratation  Itock  on«  to  r«cogntz«  th#  rtlativtiy  larg« 
•ff«ct  of  ion  diffusion  on  tho  prtsont  rosults.  It  should  bt  pointtd  out  in  this 
connection  that  the  cyllndricol  geometry  of  this  tube  with  the  relatively  small  cathode- 
anode  spacing  of  I  mm  causes  the  latter  to  act  somewhat  as  a  slit,  and  therefore  the 
full  number  of  fluion  fragments  per  sq  cm  do  not  pass  through  the  slit  region,  but  do 
maintain  a  higher  flux  density  in  the  relatively  unimpeded  region  in  front  of  the 
uranium  ring.  This  undesirable  effect  on  the  fluion  fragment  flux  should  not  obtain 
in  a  future  diode  where  the  cathode  itself  will  be  furnishing  the  fluion  fragments, 
ond  the  latter  will  be  emitted  directly  into  the  cathode  anode  gap.  See  Fig.  6 
which  is  the  design  of  a  ceramic  noble  gas  plasma  diode  experiment  now  in  progreu. 

Reoctor  Experiment  III 

The  question  naturally  arises  os  to  the  effect  of  fiuion  goses  upon  the  emiuion 
properties  of  uranium  bearing  (or  other  type)  cathodes  and  anodes.  To  this  end,  a 
simple  diode  of  barium  impregnated  tungsten  cathodes,  of  1  mm  separation,  was 
constructed  but  within  a  glau  envelope  which  also  held  a  smoii  container  fiiied  with 
1.2  gr  of  0^35,  See  Fig.  7.  The  container  was  provided  with  some  snuli  holes  to 
allow  fluion  gases  to  emerge  into  the  diode  region,  but  not  release  any  appreciable 
number  of  the  fission  fragments.  The  diode  gas  filling  was  Ne:A  (i(P:i)  to  a  pressure 
of  20  mm  of  Hg.  Either  anode  or  cathode  could  be  independently  heated  electrically. 
Runs  were  again  made  in  the  U.  of  Mich,  research  reactor  In  on  experimental  setup 
similar  to  Reactor  Experiment  II .  The  objectives  of  this  experiment  were  to 

1 .  Determine  the  effect  of  fiuion  products  on  barium  impregnated 
tungsten  emitters. 

2.  Determine  whether  cesium  released  in  fission  would  convert  a  noble 
gas  plasma  diode  to  a  cesium  diode. 

3.  .  Determine  the  effect  of  gamma  induced  ionization  in  a  noble  gas 

plasma  diode. 


Three  runs  were  made  with  this  tube  while  at  the  U.  of  Michigan  reactor.  Two  were 
inpile  and  the  third  out  of  pile. 

The  V-l  characteristics  for  a  "cold"  reactor  and  for  increasing  power  levels 
up  to  1  MW  are  given  in  Fig.  8. for  nearly  the  same  cathode  temperature  over  the  power 
range  shown.  It  is  interesting  to  note  the  saturated  characteristic  similar  to  that 
observed  with  Reactor  Experiment  II.  See  Fig.  5.  This  is  a  positive  indication  that 
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•Ifctions  orising  from  gamma  roy  collisions  with  tuba  structura  art  causing  ionization 
within  tht  tuba.  Another  Intarostlng  foaturt  of  thost  data  is  the  incroost  in  back 
tmiuion  with  power  level.  This  is  presumably  true  anode  back  emiuion  since  the 
ratio  of  forward  to  back  emission  Is  much  leu  than  the  foctor  of  200  colled  for  when 
positive  Ions  simply  moke  up  the  bock  current.  For  example,  at  1  MH,  the  anode 
temperature,  Tq,  ■  1015*  K.  At  that  temperature,  the  anode  should  yield  a 
saturated  emluIon  of  0.8  ma  and  about  0.5  ma  was  measured  at  -10  volts.  Indicating 
that  initially  the  anode  surface  was  properly  activated. 

It  was  observed,  however,  thot  the  back  emluIon  changed  with  time  and 
this  observation  Is  plotted  in  Fig.  9  for  the  tube  parameters  indicated.  The  back 
emission  appears  to  level  off  with  time,  and  Is  still  greater  than  leakage  (measured 
os  30  X  10*9  amp  at  -10  volts).  The  ratio  of  the  last  dota  point,  0.006  mo,  to  the 
forward  emission,  1 .2  ma.  Is  200"  ,  thus  Indicating  thot  electron  emission  from  the 
anode  Is  now  small  and  the  bock  current  is  presumably  ion  current  alone.  The  forward 
emission  and  the  open  circuit  voltoge  f  ^OCf  are  seen  in  Fig.  9  to  be  constant  with  time. 
Since  the  current  Is  still  plasma  limit^,  the  saturated  forward  emission  is  a  measure  of 
plasmo  density  which  is  observed  to  be  constant  at  positive  voltages  during  this 
observation  period. 

To  determine  whether  the  onode  surface  could  be  reactivated,  its  temperature 
was  raised  to  1473*  K  for  several  minutes.  Fig.  10  indicates  the  increase  In  back 
emiuion  after  the  reactivation.  However,  it  did  not  approach  the  original  value  of 
0.5  ma  in  Fig.  8. 

Four  days  after  the  above  run,  data  were  taken  on  the  some  tube  at  the  side 
of  the  reactor  pool .  The  Initial  runs  showed  the  usual  retarding  and  space  charge  type 
characteristic  of  the  diode  in  the  absence  of  ionization.  The  back  current  for 
Tc  -  1415*  K,  To  -  738*  K  was  observed  to  be  roughly  twice  leakage,  i.e. 
0.070^0.  At  this  anode  temperature,  the  expected  am^e  emission  would  be  0.3 
.y^a,  so  the  anode  was  still  in  the  deactivated  condition. 

To  observe  whether  or  not  residual  fission  products  gases  had  any  effect  on 
the  octivation  of  the  stem  cathode  at  this  point,  the  time  dependence  of  voltage  and 
current  was  measured  at  short  circuit  current.  As  seen  in  Fig.  11,  there  is  not  much 
change  with  time,  even  though  the  stem  cathode  temperature  was  low  (1000*  K) 
where  sensitivity  to  deactivation  should  be  high.  The  sign  on  the  voltage  graph  is 
such  as  to  correspond  to  a  decrease  in  V  with  an  increase  in  I  corresponding  to  a 
reactivation. 

Finally,  the  boat  cathode  was  operated  at  1400*  K  for  30  minutes  showing 
essentially  no  change  in  forward  or  back  emission  with  time.  Both  cathodes  are  fully 
activated  then  at  this  time. 


-8- 


Th«  ntxt  run  wot  an  Inplla  ixporimont  tha  following  day.  Pra*tnpll«  V-l 
characttrlsHcs  lookod  limllar  to  Fig.  1,  t.a.  normal  In  tht  absonct  of  plasma. 

Tho  tlmo  variation  of  soturatod  currtnts  and  ^oc  was  obsorvtd  for  a  cothodt 
tomporaturo  of  1180*  K,  and  Is  glvon  in  Fig.  12.  A  docoy  in  back  currant  Is 
obstrvod  similar  to  that  of  Fig.  9  obsarvtd  at  1380*  K.  Tht  dtcay  Is  slower  In  the 
1180*  K  COSO,  and  tha  currant  after  100  minutes  is 

ratio  of  forward  to  back  emiuion  around  70,  ogoln 

Forward  emission  and  ^oc  were  nearly  constant  as 

Assuming  that  gases  released  from  the  hot  uronlum  are  responsible  for  poisoning 
the  anode,  it  seems  reasonable  that  the  cathode  surfoce  would  be  poisoned  os  well, 
provided  its  temperature  was  low  enough  so  that  self-activation  did  not  take  place. 

A  slight  decrease  In  forward  emission  nnd  Voc  vvith  time  wos  observed  ot  ■  975*  K, 
while  back  emission  was  relatively  constant,  as  seen  in  Fig.  12.  The  reference  for 
the  time  scale  was  selected  os  the  time  when  the  filament  current  was  adjusted  to 
give  the  temperature  indicated. 

By  turning  off  both  filaments  an  "ion  chamber"  current  was  measured.  Because 
of  the  fission  heat  source  in  the  tube,  the  cathodes  were  not  cold,  ■  780*  K 

Tboatc  *  temperatures  correspond  to  saturated  emission  of  0.002  mo 

and  0.02  ma  respectively,  whereas  the  measured  values  were  0.006  nia  and  0.01  nra. 

The  measured  stem  cathode  value  would  correspond  to  ion  current  then,  whereas  the 
boat  cathode  value  would  correspond  to  ion  current  plus  boot  cathode  emission. 

The  data  and  analysis  give  the  following  results: 

1 .  The  release  of  gases  from  uranium  at  950*  C  reduces  the  emission  of  a 
barium  impregnated  tungsten  surface,  though  it  is  possible  to 
reactivate  It  by  heating  during  inpile  operation.  The  rate  of  change 
of  emission  is  a  function  of  surface  temperature.  At  1380*  K  the 
change  in  emission  corresponded  to  a  calculated  0.5  volt  decrease 

in  work  function  in  30  minutes. 

2.  For  the  11-1/2  hour  period  at  full  reactor  power,  there  was  no 
evidence  of  increase  in  saturated  output  with  time  that  would 
indicate  operation  of  the  tube  as  a  cesium  diode  converter. 

3.  A  saturated  current  was  measured  Indicating  that  a  weak  plasnKi  was 
being  generated  by  electrons  arising  from  gamma  ray  collisions  with 
tube  structure.  The  ion  densities  were  smaller  by  a  factor  of  ten  or 
more  than  those  observed  for  a  fission  fragment  generated  plasma. 


essentially  constant,  making  the 
lessthanNj^  .  200. 

V  m^ 
seen  previously. 
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4.  For  this  porlod  of  oporotlon,  ion  nutnbor  dMsIty,  os  moosurMl  at 
Mturotlon  positivt  voltogM,  was  unaffKt^i  by  tho  Fission  products 
gonorattd  and  rtloosod. 

Tlwmilonle  Emtolon  Studlw  of  Hw  UC-Nb  C^t  CoHiodw 

III  I  *»'“"*'ll*ln*t'Iglil«iip«olur»cottiod« 

will  alwayi  <>•  ofhcM  b)i  Mi*  vaporita|lM  of  Kio  eoHiodo  molorlal .  UC  oppoon  ol 

pr^t  from  Hi.  ,h«il«  ol  Lo.  AlomoiOl)  ond  N«L('2)  Io  bo  quilo  KHUfacSTfiom 
^  .tondpolnt  of  0  Klnn  omlulvlly,  bill  Ihoortllcolly  would  bo  oxpoelod  teiwo  loo 
^rl  on  opmllng  I  follmo  duo  lo  Ih  rolollvoly  high  yopor  pmuiro.  With  Iho 
ob|«llvo  of  imlnlolnlng  ^  good  omiulon  pnporllot,  bul  Incrooting  Iho  colhodo 
lifolimo,  0  ^irocl  wllh  BoHoIIo  Momoflol  Imllhilo  wos  oilobllihod  lo  pioduco,  for 
oxpw  monlol  ihidy,  yorlow  coromic  ond  coimol  cothodos  ullllzing  thoir  hlgh-pro»uro 
high-lOT|»rahiro  ouIkIovo  lochniquoi.  Tho  eoiomle  molorloli  of  InlomI  worn  puro 
UC  ond  "«lxtur«  of  UC  ond  ZrC  pioporod  from  both  olomonlol  ond  proolloyod  pow^ 
ml^rolioof  a  Vouionlim,  25  q/o  zirconium,  ond  50q/o  coibw.  Tho  cjjlnol 
molorloU  invoiligolod  worn  80  v/o  UC  In  bolh  niobium  ond  ihonlum. 

oonn.  c  "‘••<1  in  Toblo  1  worn  proporod  by  fire!  hoi  prosilng  ol 

2200*  F  under  o  proiuiro  of  3000  p.i .  Tho  Ihroo  coromie  lypo  molorlol.  woro  Ihon 


Toblo  1 


_ Composition _ 

Weight  Per  Pent  Atomic  Per  Cont  Volumo  For 

.  76.1  UC(8o74w/o  C);  25U;25Zr;50C 
23.9  Zr 

.  Arc  melfecl(U-Zr)C2  25  U;25Zr;50C 

.  70.8  UC(4.85  w/o  Q;  25U;25Zr;50C 
29.2  ZrC  (9.9  w/o  C) 


Estimated  Core  Density 
Per  Cent  Theoretlcol 
Before  Pressure  Al^ter  Pressure 
Bonding  Bonding 


50  to  55 


65  to  70 


57  to  62 


Center  60 
Edge  100 


4,  86.4  UC(4.85  w/o  Q; 
13.6  Nb 


80  UC;  20  Nb 


slnlorod  fori  hour  ol  1930*  C  wlHi  Hill,  or  no  ifonsificollon  being  observed.  The  four 
cores  wore  then  placed  In  a  tantalum  container  and  pressure  bonded  at  1320*  C  for 
3  hours  under  a  continuous  pressure  of  10,000  psi. 

(11)  “•W-Pi*!.®  M.Grov.r,D.J.«o.hlIng,E.W.SolmI,J.D.Forr,N.H.KrlkorIon, 
and  W.G.WItteman,  J.Appl.Phys.  W,  1575  (1959) 

(12)  George  A. Haas  and  John  T. Jensen,  Jr,  J.Appl.Phys.  31,  1231  (1960) 


Remarks 

Slight  core 
cracking 

Slight  core 
cracking 

Moderate 
core  cracking 

No  core 
cracking 
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In  Tnbl.  i  <l«»[fleo»Ion  ^  ploe*  during  prawn  bonding  « thown 

•m^ralura  and  I W  C  of  o  Iwatlng  ond  cooling  lolo  of  opproxlmololy  72*  C/mln. 

Tk  ^  f"  *  •'**'"*“  loino  raocllon  at  Iho  clodding 

Intone,.  Tbo  cormot  voclmon  „«.ffbct«l  by  th.  cycling.  Aftor  mololl^rapblc 
•xamlnatloM,  th«  ip«clm«»$  mn  furthtr  cycled  10  tImM  to  1700*  C.  By  this  tltnV 

r?  ^  "(“'•'••i  ft""  t»  tontolum  clodding;  Iho 

Tdf  ‘•'I**'! «»  Pn^co  of  0  second  phoso,  while  core  4  showed  Iho  opp«,rance 
of  a  dark  phoso  In  and  around  th«  niobium  In  cort. 

k.».r  ""  “O"'  '7«l'"9 

powdiiTms!!^!  Tk' .  **“  "T.™  '*>'  ®®  ’/» iJc-Nb 

^wders  (325  mesh  slie)  for  2  hrs  In  on  orgon-fllled  dry  box,  ofter  which  samples  of  the 

oeta'IIl'HIl''*^  ^  the  dry  box  ond  Immedlolely  covered  with  o  3  w/o  cetyl  olcohol- 
pe  ^um  ether.  e^l«te  evoporollon  of  the  ether,  the  mix  wos  pressed  ot 
40,000  In  on  0. 1 W  diomelor  die.  The  cores  were  Immedlolely  looM  Into  o 

st^l'tir^  °  “P  *Alch  was  In  turn  oil  fitted  Into  o  stolnless 

Ml  ube.  The  slolnlras  sImI  tube  wos  sealed  by  welding  on  two  stolnless  sImI 
end  pli^s,  one  of  which  hod  on  attached  evocuotlon  tube.  The  assemblies  were 

for  3  hrs  ot  1150*  C  under  o  helium  gos  pressure  of  10,000 

Md  4,.  !  ^ration  provided  o  bond  belvraen  the  niobium  container 

ond  the  niobium  end  Mp  so  Ihot  the  stolnleu  sImI  tubing  could  be  stripped  off  to 

.TT  T  l>«h»en  the  niobium  ond  the  stolnless  sImI  during 

fet^  hm  o  l3W™r  d  0™““™  to"*-' 

fol  c.  ™r  7  '°'“®  P*'  •“  <l*nslflcotlon  of 

e  cermet  core.  With  the  old  of  radiographs,  the  emitter  core  was  ground  ond  polished 
by  metollographic  techniques  to  the  required  Hnlshed  size. 

out  or  H"  "T""'®";'  p™p«'l«  of  these  cermets  Is  being  corried 

^  »'>'«'"•<<  for  one  of  the  cermets  In  o  poiollel  plote  diode 
geometry.  A  2  cm  molybdenum  anode  with  o  large  moss  ond  radloting  surfoce  wos  used 
m  order  to  o^roto  lb*  ono^  os  cool  os  possible,  ond  to  reduce  colhode  temperature 

fluctuotronsdrreto  ^ckrodiotion.  The  colhode  to  onode  spoclng  wos  O.OsVm.  The 

old  rt.Z!“  iTi,  ?"';f'®P*'  •scooted  on  o  gloss  vocuum  system,  boked  out 

ond  then  sealed  off.  The  seol  off  pressure  wos  obout  10^  mm  of  Hg. 

from  0  lo  ‘>7  ‘*"P'''9  the  onode  voltoge 

from  0  to  3000  volts  ond  drsployrng  the  voltoge  on  the  x  oxis  and  the  current  on  foe 

y  oxrsofanoscrllrncope.  SraFIg.  13.  Ooto  were  limited  to  3000  volts  due  to 

breok^n  In  the  t^e.  This  upper  limit  of  field  strength  (60,000  volts/cm)  Is  not  high 

enough  to  ensure  that  the  slope  of  the  voltage  current  curve  Is  for  enough  into  the 

Schottky  regron.  Thus  the  temperatures  colculoted  from  the  Schottky  slope  were  lower 
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than  thf  moosurod  valuos.  A  Schottky  plot  of  tha  data  Is  shown  In  Fig.  14 ,  Tha 
solid  lints  ort  tht  Schottky  slopes  fit  to  the  txptrlmtntal  points.  The  doshtd  lints 
ort  tht  slopes  expected  from  the  experimentally  observed  temperatures.  A 
Richardson  plot  using  the  observed  temperatures  and  the  saturated  current  values 
obtained  from  the  observed  temperature  slopes  is  shown  In  Fig.  15 .  It  is  of  Interest 
to  compare  these  results  to  those  obtalrted  at  Los  AlanK)s^  ^  for  uranium  carbide. 
Parallel  plate  geometry  was  used.  Fig.  16  gives  o  plot  of  this  Los  Alamos  data  In 
which  the  maximum  field  strength  was  about  6000  volti/cm.  The  present  data  are 
shown  on  the  same  graph  arxl  Irrdicate  that  the  UC-Nb  compares  favorably  with  UC, 
os  an  electron  emitter,  at  temperatures  up  to  at  least  1500*  K.  Bath  the  present 
dato  and  Los  Alomos  data  suffer  from  Insufficiently  high  field  strerrgths  to  go  far 
enough  out  on  the  Schottky  curves.  Thus  the  A  ond  0  values  obtained  from  these 
experiments  are  not  relloble,  but  the  present  results  do  show  very  close  equivalence 
between  UC  and  UC-Nb  as  electron  emitters* 

Addltlortol  UC  data  hove  been  obtained  by  Haas  and  Jensen  at  the  Naval 
Research  Laboratory  (12)  with  electric  field  strengths  of  220,000  volts/cm  In 
cylindrical  geometry.  They  obtain  values  of  A  and  0,  In  the  Richardson  equation, 
for  UC  of  33  amps/cm2  K**  and  2.94  electron  volts,  respectively. 

Thus  we  conclude  that  UC-Nb  cathodes  are  roughly  equivalent  to  UC  In 
their  electron  emissive  powers,  and  are  superior  as  for  as  thermal  cycling  is  concerned. 


Ceramic  Noble  Gas  Diode 


The  results  of  the  various  experiments  carried  out  up  to  this  stage  of  progress 
in  the  work  now  gave  encouragement  that  o  ceramic  noble  gas  filled  diode  could  be 
designed  and  constructed  with  a  cathode  of  UC-Nb  cermet,  and  on  anode  of  barium 
impregnated  tungsten.  (Philips  type).  The  design  of  the  tube  is  shown  in  Fig.  17. 

The  UC-Nb  catiwde  was  fabricated  at  Battelle  AAemorial  Institute  using  their  high 
pressure,  high  temperature,  bonding  technique,  ond  contained  20  grams  of  U235, 

The  cathode  and  anode  are  each  I"  in  diameter  and  separated  by  a  3  mm  gap.  This 
gap  is  maintained  by  3  sapphire  rods.  The  various  metal  to  metal  seals  were  formed 
by  brazing  techniques  utilizing  induction  heating.  All  metallic  parts  were  hydrogen 
fired  before  assembly.  The  various  metal  to  metal  seals  were  formed  by  hydrogen 
brazing  techniques  utilizing  induction  heating.  An  x-ray  examination  after  assembly 
and  leak  test  revealed  that  the  cathode  had  expanded  greatly  in  volume  and  completely 
filled  the  onode-cothode  gap.  This  unexpected  result  has  been  attributed  to  a 


(11)  loc  cit 

(12)  loc  cit 
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hydrldJng  rtaction  In  th«  UC-Nb 
vtry  probably  is  th«  following: 


cormat  during  tb«  final  hydrogan  brazt. 


Tho  roaction 


DC  ♦  Nb  ■  NbC  +  U 

2U  +3H2  .  2UH3 


^  UH3  ho)  a  d««Ity  of  about  1/3  Hiol  of  UC,  which  rowit.  In  Ih.  lorgo  oxponilon 
ttl  "111  not  bo  rooZ  br  M  within 

beprov.dedassoonasthertiolhbecomaavoilobi#.  raporTwm 


Plosmg  Spoctroicopic  Sfudias 

ri»  sotlrfoctory  Intorprotatbn  of  much  of  tho  dob  from  direct  convertlon  dtvlcoi 

iro“r^  to^T  “  *•"  «  "*1'  •""Pon.lurei. 

dor  to  wtisfy  such  needi,  o  program  for  tho  oxporlmontal  InvostIgotlon  of  cesium 

rr”‘T  ^  •««“’  '•  •»  p'-"'  0  ^.rutiini  0^0 

hoory  and  experimental  techniques  employed  In  the  program. 

The  physical  quantities  desired  ore: 


a.  Temperature  of  the  electrons 

b .  Number  density  of  electrons  and  ions 

c .  Temperature  of  atoms  ond  ions 

d.  Number  density  of  neutral  atoms 


A  I  of  these  variables  are  desired  os  a  function  of  the  distance  between  cathode  and  anode 
fm^!r*™™'  °  ond  otoms  Is 


two  cesium  i!„'r8«To™'“Txc«?.'°‘";L  '“'In  of  intensities  of  Ih. 

Ih.  following  equolionifUKlll)  ’  *  *  *''™"  '""P*™'“™-  T,  is  oblolnmf  from 


*8521 

I4555 


14700 
9.26  e  ^ 


(13)  The  Electric  Arc,"  J,  M,  Somerville,  Pg,  25 

(14)  "Al^lut.  Values  of  Translllon  Proboblllllw  for  Members  of  Ihe  Principle 
Senes  of  Cesium  Lines".  Leningrad  Unive,  1952 
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Tht  t«mp«raturt  of  tho  tom  and  tho  numbor  dMtUlfs  of  tho  titetrom  art 
obtoi^lt  from  tht  profllt  of  tht  4555A*  lint.  Ion  ttmptraturts  rtlottd  to  tht 
Ooppitr  width  of  tht  lint  art  givtn  by  05) 


T,  ,  comt  whtrt  ^  A  q  Is  tht  Ooppitr  half  width  of  tht  lint. 


by 


Dr.  Hons  Gritm  hos  shown  thtorttlcollyO^)  that  tht  titetron  dtnsity  is  givtn 


Ng  «  10'^^aA  c  whtrtAAg  Is  tht  collision  half  width,  and 
is  In  angstrom  units.  The  latter  is  obtained  from  the  wings  of  the  4555*  line  using 
the  Volght  fbrmula^'^^  to  represent  the  Intensity,  J ,  of  the  lint  as  a  function  of  wave 
length  within  the  line  breodth. 


IlmJ  . 

(AA)^ 

Actually,  A  X -►o*  indicates  measurement  In  the  wings  of  the  line  breadth.  Here 
it  is  assumed  that  the  electron  ond  Ion  densities  ore  equal. 

The  number  density  of  neutral  otoms  Is  determined  from  the  absolute  Intensity 
of  the  infra  red  line  and  the  electron  temperature,  T, 

1.69x10^*'^* 

Nfl  z  C,  .  T 

where  Nq  ■  number  density  of  neutrol  atoms 

C  ]  a  a  constant  of  the  radiating  energy  state  and  the 
geometry  of  the  experimental  tube 

The  experimental  apparatus  is  shown  In  Fig.  18  and  consists  of  a  Bausch  &  Lomb 
Littrow-Echelle  spectrograph  tube  and  oven.  The  plasma  tube  consists  of  a  ten  mil 
diameter  tungsten  filament  2  cm  in  length  serving  as  a  cathode,  and  is  surrounded  by  a 
concentric  nickel  anode  2  cm  In  diameter.  The  filament  1$  heated  by  a  battery.  An 
optically  flat  window  servos  os  the  optical  exit  from  the  pyrex  tube,  and  thus  allows 
viewing  with  the  optical  path  parallel  to  the  filament  and  anode  surfaces.  The  entire 

(13)  loc  cit 

(15)  "Quantitative  Molecular  Spectroscopy  &  Gas  Emisslvitios",  S.  S.  Fenner; 
Addison-Wesley;  Reading,  Mass;  1959,  Ch  3,  eq  3-30;  3-34 

(16)  Unpublished  communication  with  Dr.  Hans  Griem 
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hibt  is  mounttd  In  an  •l•etrIcally  hoattd  ovon  and  tamptraturas  ara  rtcordod  by 
tharmocouplfs  at  four  positions  on  tbt  tubo.  Tht  tub*  contains  only  coslum,  tho 
prossuro  being  dotonnlnod  by  tho  tomporoturo  of  tho  housing  In  which  tho  tubo  Is 
mounted.  The  lowest  thermocouple  reoding  Is  taken  to  be  the  cold  spot  temperature 
and  thus  yields  the  cesium  vapor  pressure  from  known  data .  The  radiation  from  the 
plasma  Is  focused  on  the  slit  of  tiM  spectrograph.  The  radiation  can  poM  through 
two  optical  systems  on  Its  way  to  the  exit  where  It  activates  a  photographic  plate. 

The  first  system  is  a  quartz  prism  (LIttrow)  with  a  mirror  behind  It.  Light 
from  the  entire  cathode-anode  gop  is  spilt  Into  Its  components  and  is  recorded  on  the 
plate.  This  system  yields  line  Intensities  for  short  exposure  times. 

The  second  system  Is  the  same  prism  with  a  grating  (Echelle)  behind  it. 

The  radiation  Is  moderately  resolved  (60,000  In  the  red)  so  thot  the  line  profile  can  be 
recorded  on  the  plates.  Only  a  small  portion  20  microns)  of  the  cathode-onode 
gap  can  be  recorded  during  one  exposure,  and  the  exposure  time  Is  about  one  hour 
for  the  blue  lines  and  less  than  one  minute  for  the  Infra  red  lines 

Measurements  of  the  line  Intensities  and  profiles  were  taken  with  this 
Instrument  for  the  following  diode  operating  parameters: 


1. 

Tfll  ■ 

2770*  K 

2. 

Tboth  ■ 

360*  C 

3. 

Ifil  « 

8.2a 

4. 

vni  ■ 

6.0  volts 

5. 

IC-A  ■ 

1 .0  amps 

Typical  results  of  these  measurements  were: 

1 .  Tel  -  .69  ev  -  8000*  K 

2.  ti  .  .52  ev  «  6050*  K 

3.  Tsa  ■  .62  ev  .  7200*  K 

4.  l^l=N|ons-  2.6x10 ’5/cm 

5.  Pel  +  Pjons  ■  5 .3  mm  of  Hg 

6.  Pyp  *  7.0  mm  of  Hg 

Figure  19  is  o  plot  of  the  electron  temperature  as  a  function  of  the  cathode  to  anode 
gap. 
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On«  con  SM  that  tha  Ion  and  •loctron  tomparaturoi  ogrot  rtoionably  wall 
(within  ixparlmontal  trror  which  It  about  20%).  TsA  Is  tomporaturo  dotormliwd 
from  th#  SohaO^  aquation  using  our  voluot  f^  Nq^  Ni ,  and  No  #  TSA  and  Tfl 
art  ntarly  tquivaltnt,  a  fact  which  Indlcatoi  tht  constitoncy  of  th#  data. 

Tht  consiitont  ogrttmant  bttwttn  tht  valutt  prtstnttd  suggtst  that  tht  thtory 
and  ttchniqut  of  this  txptrlmtnt  yitid  a  rtasonoblt  picturt  of  tht  physical  phtnomtna 
which  art  occurring  In  tht  tubt. 

A  furthtr  study  Is  now  bting  madt  In  which  tht  cathodt  of  tht  dlodt  Is 
htattd  by  a  half-wavt  rtctlfltr  and  mtosurtmtnts  on  lint  Inttnsltlts  madt  both  during 
tht  hooting  part  and  tht  unhtottd  part  of  tht  60  cycit  wavt.  Prtllmlnary  rtsults 
show  that  tht  Inttnsltlts  of  tht  lints  vary  during  tht  tntlrt  pulst,  and  it  is  txptcttd 
that  such  timt  dtptndent  mtosurtd  inttnsltlts  will  aid  In  answtring  tht  qutsHon  of 
thtrmal  tquilibrium. 


Prtstnt  Mottrlol  Program  ot  BMI 

In  tht  studios  with  UC-Nb  systtms,  Battollo  has  shown  that  It  Is  ntctssary 
to  ust  UC  containing  txctss  carbon  to  prtvtnt  tht  formation  of  frtt  uranium  by  tht 
rtaction 


UC  +  Nb  — >  U  +  NbC 

This  was  accomplished  by  tstabllshing  niobium  carbidt  barritrs  bttwttn  tht  UC  and 
Nb  mttal .  Howevtr,  it  is  difficult  to  supply  sufficient  excess  of  carbon  to  satisfy 
completely  the  niobium  reaction.  In  order  to  obtain  improved  UC  containing  cathode 
materials,  it  was  found  desirable  to  initiote  o  new  program  at  BMI  with  the  aim  of 
establishing  o  material  system  that  will  stabilize  the  UC. 

A  review  of  the  ternary  phose  diagrams  was  conducted  by  BMI  in  an  effort 
to  select  other  promising  UC  cermet  systems.  It  seems  possible  at  this  time  to  place 
the  refractory  metals  in  three  categories:  (1)  those  metals  thot  form  very  stable  carbides, 
such  as  niobium  and  zirconium  which  would  be  expected  to  form  free  uranium  in  a 
UC-metal  system;  (2)  those  metals  that  form  less  stable  carbides,  such  as  molybdenum, 
which  upon  equilibrium  would  contain  free  refractory  metal  in  a  UC-metal  system; 
and  (3)  those  materials,  such  as  rhenium,  which  form  very  unstable  carbides. 

BMI  is  presently  conducting  a  program  that  will  give  preliminary  informotion 
on  the  last  two  types  of  material  systems.  The  niobium  system  (type  I)  has  been 
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compltttd  In  tht  Hnt  phot*  of  our  mottrioU  program.  In  thli  study,  It  Is  plonnod  to 
prtporo  cormot  cothodM  consisting  of  80  v/o  UC  In  molybdtnum,  rhonlum  and  tungston, 
and  to  compart  tht  stability  of  thtst  systtms  with  that  of  tht  UC-Nb  systtm.  This 
should  providt  us  with  tht  most  ustful  data  for  planning  futurt  mattrlal  programs,  and 
should  makt  a  voluabit  contribution  to  tht  fitid  of  UC  cathodt  dtvtiopmtnt. 


Futurt  Progrom 

During  tht  coltndor  ytor  1961  tht  program  for  dtvtiopmtnt  of  thtrmlonic 
tntrgy  convtrttrs  will  bt  o  continuotlon  of  l^t  Inpllt  txptrlmtnts  on  fission -fragmtnt- 
noblt-gos-plasmo  convtrttrs;  Incrtostd  tmphosis  on  tht  nobIt  gas  pulstd  diodt 
convtrttr;  contlnutd  sptctroscopic  studios  of  ctslum  plasmas,  and  poulbit  also  plosmos 
of  othtr  alkali  mttals. 

Tht  Gtntral  Motors  Rtstorch  Loborotorlts  has  contrlbuttd  oddltlonol  laboratory 
spoct  which  will  providt  roughly  thrtt  timts  tht  orto  for  txptrlmtntol  work.  Continuing 
rtcrulting  of  comptttnt  Invtstlgotors  Is  bting  corrltd  out  by  tht  Ptrsonnti  Dtportmtnt. 
Vtry  opprtcloblt  additions  to  tht  txptrlmtntol  tquipmtnt  rtquirtd  for  such  an  expanding 
program  art  bting  provided. 

Tht  contribution  to  the  support  of  the  work  during  calendar  year  I960  by  the 
Office  of  Naval  Research  under  contract  Nonr-3I09(00)  Is  greatly  appreciated,  and  has 
resulted  In  more  rapid  progress  than  would  otherwise  hove  been  attained.  It  Is  hoped 
that  such  additional  support  to  the  GM  program  on  direct  conversion  will  bt  continued. 
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Figure  1 

Diode  I.  Sub-Assembly 


Figure  2 

Reactor  Test  Installatio'- 
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Figure  5 

Diode  II  V-l  Curves 
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Figure  7 
Diode  ill  Sketch 
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Figure  8 

Diode  III.  Inpile  V-l  Curves 
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Figur*  11 

01od«  111.  Op«n  Circuit  Voltag«  &  EmIuion-TImc  Curves 
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UC-Nb  Current -Voltage  Traces,  T  ■  1455*  K 
Voltage:  500  V/dIvIslon 
Current:  2x  10"^  amp/division 
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Figure  13 

UC-Nb  Cathode  Emission  Current  Oscillogram 
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Figure  17 

Present  Design  of  Ceramic  Diode 


Figure  18 

Spectrographic  Apparatus  Arrangement  for  Cesium  Plasma  Studies 
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Figure  19 

Electron  Temperature  -  vs  -  Githode  Anode  Position 


Apptndix  I .  NobU  Gat  Fistion  Fragmant  Oiodt  Thoory 


EUctron  Numbor  Dtmity  in  th«  Plasma 


Th«  first  probitm  is  to  oomputt  tfw  onaiyy  romaining  in  a  fission  fragmont  aftor  it  amargas 
out  of  tho  cothodt.  It  it  otsumod  that  onorgy  it  lost  linoorly  with  distonco  In  tht  cothodo 
and  thbt  fistion  frogmonts  oro  gonorattd  uniformly  through  o  unit  rang*  dopth  of  tho  cothodt. 


Gop 

Githodo 

R  ■  range  of  fission  fragment  in  cathode  »  number  fragments  producecl/vol 

in  the  cathode 

b  s  y/cos  0  E  s  kinetic  energy  of  fission  fragment 

For  o  fragment  moving  at  on  ongle  0  with  respect  to  the  normal,  its  remaining  range 
in  the  cathode-anode  gapi$r*b  ■  AR  «R~  y/cos  0,  Since 

A  E  ■  E _ L  ond  let  x  =  y/R  then 

R 

^  ^  •  1  -  x/co%  0 

E 

so  that  X  is  measured  in  range  units  ■  1  and  A  E/E  ■  fraction  of  energy 
remaining  after  escape  into  the  gap. 

The  energy  escaping  into  the  gap  at  an  angle  0  from  a  volume  element  dV  is: 

dE  ■  (Total  Energy  Produced  in  dV)(Fraction  Energy  Escaping)(Fraction  Geometrically  Escaping) 

^max  __  .  w 

dE  .  (Ef  NodV)  ^0 -x/coi!l) 

^  .  ^f  *^o  ^  {]  -x/coi0)  im0  60 

av  — 3 

^  0 

or  ^  .  ^f  ^o  (1  -  X  +  X  In  x)  (1) 

dV  ~ 


where  x  still  denotes  y/R  and  Ef  is  initial  fission  fragment  energy. 
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Now  dV  =  A  dy  r  A  R  dx  where  A  it  cathode  area. 
The  totai  energy  escaping  per  unit  area  it  then: 

X 

f  *  ^  C  (1  *  X  ‘t  X  In  x)  <h( 

2  A 


or  l/k  ■  ^  lx  -  3/4  x^  +  y  In  J  (2) 


Since  R  Ef  N©  «  energy/area  Initially  generated  assuming  a  flat  flux  distribution, 
then  the  fractional  energy  escoplng/dreo  into  the  gap  is  given  by: 

F  *  1/2  jx  -  3/4  x^  +  X V2  In  xj  (3) 

Table  i  shows  how  F  vories  os  o  function  of  thickness  in  units  of  the  range  R 
in  the  uranium  film. 


Table  1 

F  (fraction  of  total 

Film  Thickness  energy  emitted 

(units  of  range  in  cathode)  from  film) 


1 

.125 

1/2 

.225 

1/4 

.32 

1/10 

.406 

Now  if  the  cathode-anode  gap  was  as  big  as  the  range  of  the  fission  fragment 
in  the  gas,  then  the  above  value  of  F  s  .125  would  be  the  fraction  of  the 
fragment  energy  dissipated  in  ionizing  the  gas. 
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Thc  problem  is  to  now  calculate  the  fmtional  amount  of  energy  lost  when  the 
fission  fragment  strikes  the  anode.  The  difference  between  this  quantity  and  F 
above  gives  the  fractional  energy  left  in  the  gas  to  produce  ionizotion. 


where  Xq  ■  yAo  *  range  of  fission  frogment  In  gas. 


Proceeding  os  before,  we  first  calculate  a  d^/dV  identically  as  equation  (I) 
which  gives  the  energy  reoching  the  anode  per  volume  at  distance  x^  In  the 
film. 


^  0  +Xo  Inxo) 


(4) 


In  this  case,  to  get  the  totol  energy 


dV  •  A  dy  ■  ARgdxQ 

The  total  energy  per  area  hitting  the  anode  is  then: 

/  ^ 

/A  .  ^f  ^0*^0  ^  (>  -  Xq  +  Xp  In  Xq)  dxo 

^  ><0 

l/k  =  ^f  ^0^0  ji/4  -  Xq  +  ^^0^  -  ^  In  xj 


(5) 


The  total  energy/area  created  in  the  cathode  of  thickness  (1  -x^)  is  given 
l>yEfN„(l  -Xo)R„  . 
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Thus  the  fraction  of  the  totoi  energy  per  oreo  creoted  that  goes  into  the 
anode  ii  given  by: 


l/k 
EfNod  - 


where  is  the  cothode-onode  gap  in  units  of  the  range  for  the  fission 
fragment  in  the  gas .  Table  2  iists  some  voiues  of  F^. 


Table  2 

Cathode-Anode  Gop  Fy^  (fraction  of  energy  created 
(Units  of  range  in  gos)  thot  Is  lost  to  onode) _ 


0.0 

0.125 

o.i 

0.094 

0.2 

0.07  . 

0.3 

0.051 

0.4 

0.036 

QJS 

0.024 

0.6 

0.015 

0.7 

0.0078 

0.8 

0.0042 

0.9 

0.0 

The  above  values  af  F^  are  for  the  case  where  the  cathode  film  thickness  in 
units  of  R  is  1  as  can  be  nated  for  the  0  gap  case  where  Fa  ■  F>  For  cathode 
film  thicknesses  less  than  ane  range  unit,  the  values  of  Fa  would  be  higher. 
We  are  cancerned  aniy  with  the  former  cose. 

The  ion  production  rate  is  given  by: 


dN 

IT 


energy  last  by  F.F. 
sec  cm^ 


1 

ev/lon  pair 


X 


(7) 
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Now  m  dtflnt 

O  :  (r,^E,«  (F-Fa)^  W 

wh«r«  (2  Ef  R)  ■  tfMrgy  productct/cm^  In  on«  F .F .(fluton  fragmtnt) 

range  In  cathode 

0  M  neutron  flux;  ■  macroscopic  fission  cross  section 

g  ■  cathode-onode  gap;  Ef  >  fission  frogment  energy 


Substituting  for  F  and  Fy^  into  0),  then: 


R  s  range  of  F.F.  in  cathode. 


The  ion  production  rate  Is  computed  for  both  fission  fragments  and  then  ave  raged . 
The  range  of  fission  fragments  In  uranium  carbide  is  token  as  0,72  x  ID'S  cm 
and  0.94  x  10"3  cm  for  the  heavy  and  light  fragment  respectively.  The  range 
of  the  fragments  in  the  gas  at  temperature  T  and  pressure  p  with  molecular  weight 
A  is  obtained  from: 


(10) 


Equations  (9)  and  (10)  are  used  to  compute  some  values  of  dN  for  neon,  argon, 

"HT 

and  xenon,  and  are  shown  in  Fig.  1  for  the  parameters  shown.  The  variation 
of  dN  with  gap  is  small  except  at  the  higher  pressure.  Additional  computations 

T 

indicate  dN  varies  linearly  with  temperature. 

w 
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Thf  eltctron  number  demlty  for  our  coie  of  lots  by  recombination  alone  is 
obtained  from: 


(11) 

dt 

whereof  is  the  recombination  coefficient  at  the  preuure  of  interest.  These 
coefficients  are  given  in  Table  3. 


Table  3 

Recombination  Gsefficients 


Radiative 

Gas 

(cmV»®c) 

n!!L) 

p  (mm  Hg) 

H 

10-1' 

A 

2x  lO-'O 

3100 

0.8 

G 

3.4 X  lO-'O 

2000 

0.01-0.03 

Ne:A  (KP:!) 

<  10-9 

300 

1-30 

Dissociative 

He 

1.7x  10-® 

300 

1-30 

Ne 

2.1  X  10-7 

300 

1-30 

A 

3x  10-7 

300 

1-30 

Kr 

6  X  10-7 

300 

0.5-25 

Xe 

2x  10-6 

300 

0.5-25 

The  early  probe  data  are  listed  as  radiative  recombination  corresponding  to 
A+  +  e"—^  A  +  h  D  where  is  an  ionized  atom.  The  dissociative  recombina¬ 
tion  data  are  given  from  microwave  data  where  the  reaction  goes: 

A  +  A”*"  — ^  (AA)'^  +  e"  — ^  A  +  A.  This  particular  recombination  process  is 
said  to  occur  in  the  presence  of  very  weak  electric  fields  ( <  10"^  v/cm)  since 
(AA)'*'  is  a  rather  weakly  bound  system.  It  is  felt  that  early  probe  data 
conditions  were  different  from  this,  so  those  data  are  called  radiative  recombina¬ 
tions.  The  pressures  and  temperatures  at  which  the  measurements  were  made 
are  given  also.  For  the  case  of  the  Ne:A  (103:1)  mixture,  the  Penning  effect 
leads  to  a  value  of  recombination  given  as  a  lower  limit  only.  *  In  this 
case  the  measurements  gave  an  ambipolar  diffusion  coefficient  which,  when 
converted  to  a  recombination  coefficient,  is  the  value  shown  in  Table  3. 

*  S.  C.  Brown,  Basic  Data  of  Plasma  Physics,  John  Wiley  &  Sons,  1959 
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Auuming  that  radiative  recombination  is  the  dominant  loss  mechanism  for  pure 
gases,  then  the  number  density  is  calculated  from  Equation  (1 1)  with  the  appro¬ 
priate  choice  of  c( .  The  question  of  what  happens  to  the  recombination 
coefficient  of  the  noble  gas  when  it  also  contains  fiuion  product  gases  evolved 
from  the  hot  cathode  Is  a  difficult  one  to  answer.  Presently  it  is  auumed  not 
to  be  affected  on  the  bosis  that  the  Los  Alamos  cesium  diode  reoctor  experiment 
continued  to  operate  after  containing  on  estimated  one  mm .  Hg  pressure 
fission  product  gas  in  the  diode  *  . 

The  fractional  ionization  in  the  gas  is  defined  by  f  s  N/N,^  or: 


f  = 


TN 

9.6x  I0'8p 


(12) 


Values  of  f  are  shown  in  Fig.  2  as  o  function  of  pressure  for  argon,  neon  and 
xerran. 


Diode  Resistivity 

The  diode  resistivity  ^  is  assumed  to  be  principally  associated  with  the  plasma 
rather  than  electrode  sheaths.  The  calculation  can  be  made  in  two  ways .  One 
is  a  semi-classical  argument  that  leads  to  o  value  of  ^as  a  function  of 
electron-neutral  atom  collision  cross  section  divided  by  fractionol 
ionization.  Such  a  colculation  assumes  that  electrons  and  neutral  gas  atoms 
are  at  thermal  equilibrium.  The  collision  probability  for  argon  and  xenon 
exhibits  a  Ramsauer  resonance  in  the  vicinity  of  10  ev,  and  has  o  minimum  at 
1  ev.  Below  this  value  of  energy  the  collision  probability  begins  to  increase 
again.  G)nsequently,  due  to  the  lack  of  good  low  energy  data  and  the  rapidly 
varying  character  of  at  electron  energies  corresponding  to  those  In  this 
diode,  this  analysis  gives  a  value  of  T  which  is  probobly  good  to  within  only 
a  factor  of  two  or  three  of  reality.  The  problem  is  that  the  collision  probability 
is  not  well  behaved  at  the  energies  of  interest  and  does  not  lend  itself  to  a 
very  precise  analysis.  The  development  of  ^  by  this  method  follows: 

Consider  a  parallel  plate  diode  with  electrons  having  random  velocity  v,  a 
mean  free  path  d  and  drift  velocity  vj  given  by: 


''d 


V 


(13) 


R.  W.  Pidd,  Private  Communication 
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where  e^m  it  the  occeleration  acquired  in  the  field  direction  E  between 
collitiont.  The  current  flow  is: 


I  ■  envjA  (lA) 

where  A  •  area  ond  n  ■  electron  number  density.  Thus  the  resistivity 

It: 


Since  d  ■  i/NcT  where  N  «  number  density  of  neutrals  and 
electron -neutral  elastic  scattering  cross  section,  then: 


r 


f 


(16) 


The  cross  section  is  related  to  the  collision  probability  by: 


Pj  .  a.MxIO-'^ojn 
whore  Pg  ho*  units  of  cm*'  mm  Hg”  . 


Figure  3  shows  the  resistivity  plotted  os  o  function  of  gos  pressure  where 
is  estimated  from  available  data'«  •  In  this  cose,  it  is  evident  that  the  lower 
the  pressure,  the  lower  the  resistivity  down  to  the  limit  of  where  recombination 
theory  is  no  longer  applicable. 

One  of  the  best  behaved  collision  probabilities  is  that  of  neon.  It  exhibits 
0  very  brood  Romsouer  type  resorKince  at  25  ev  and  at  less  than  1  ev  Pc  is 
decreasing  os  VV  where  V  is  electron  energy  in  volts.  In  this  cose  it  is 
contended  that  o  more  exact  calculation  con  be  mode  by  taking  account  of 
the  Boltzmann  electron  distribution  in  the  calculation  of  the  mobility.  The 
conductivity  { CT  *  ?  "1)  i»  given  by  N  ey^  where  ^  is  the  electron 
mobility. 


*  S.  C.  Brown,  Basic  Data  of  Plasma  Physics,  John  Wiley  &  Sons,  1959 
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Th#  collision  probobility  for  neon  it  given  os: 


From  experimental  data  *  ,  ■  10 'Iv  so  thot  o  ■  104nv'2e  ■ 

1/6x10^  iec/cm2  ^Mn  Hg  where  v  Is  random  velocity.  Now  the  collision 
frequency  it  given  by  ■  ov^  for  electrons  <  2  ev  In  neon. 


From  Boltzmann  theory,  the  electron  mobility  it  given  for  the  rate  of  o  direct 
current  ond  in  the  ob^ce  of  on  external  mognetic  Held  by:  ' 


"*0 

where  f  it  the  Boltzmann  distribution  function: 


(18) 


(19) 


Now  ^  ^  ^  Po  definition  where  p^  ■  i  273  with  p  ond  T  the 

actual  system  pressure  and  temperature.  The  quantity  Pc  is  generally  given 
far  a  gas  at  1  mm  Hg  and  273*  K,  and  po  i$  called  the  "reduced  pressure". 
Now  since  Pc  =  av  then  ■  oPo''^-  Using  this  for  the  collision 
frequency  in  Equation  (18)  leads  to: 


-  gr^  -i- 

3k  To  op  (20) 

^  8500  mV*«c  volt 

p(mm  Hg) 


*  S.  C.  Brown,  ibid 

P  W.  P.  Allis,  et  al,  Notes  on  Plasma  Dynamics,  MIT  1959 
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Now  the  conductivity  CT  Is  related  to  mobility  by  N^y^and  since  resistivity 
S  ■  1/^  then; 


f  .  7.3  X  10-3  ^  ohm-cffl  (21) 

where  p  Is  In  mm  Hg  and  N'  Is  In  units  of  10^3  {oru/cm3.  •xample,  at  a 
if  10  mm  Hg  and  N'  ■  O.I  (corresponding  to  a  neutron  flux  of 
ond  using  ■  l0-^cm3/iec  for  Ne-A),  the  resistivity  f  ■  0,7  ohm-cm 
(the  high  pressure  cesium  diode  hod  a  resistivity  of  0.16  ohm-cm)* .  Values 
of  f  versus  p  are  plotted  in  Fig.  4,  assuming  the  recombination  eoefficlent 
for  the  Ne-A  mixture. 

Voltoge  Current  Characteristic 

In  this  section,  on  initial  attempt  is  made  at  a  description  of  the  diode  characteristic, 
in  our  cose  the  potentials  associated  with  the  cathode  ond  anode  sheoths,  as  well 
os  the  plasma  potential,  have  to  be  considered.  Also  some  distinction  needs  to 
be  mode  between  the  random  currents  in  the  plasma  and  the  cathode  emission 
current.  If  random  current  is  greater  than  eminion  current,  then  the  system  is 
defined  os  being  emission-limited  ond  if  this  ratio  is  less  than  one  the  system  is 
defined  os  being  plasma-limited.  The  coses  considered  below  are  for  the 
cathode  work  function  (0^)  greater  than  the  anode  work  function  (0/^). 

The  plasma  potential  is  taken  to  increase  from  cathode  to  onode,  i.e.  the 
electrons  lose  potential  energy  in  going  from  cathode  to  anode.  This  description 
is  consistent  with  the  plasma  potential  direction  given  for  the  low  pressure  cesium 
diode  though  in  our  case  there  may  be  conditions  for  which  this  nwy  not  be  true. 

The  ions  and  electrons  produced  by  fission  frogment  ionization  are  assumed  to 
be  in  thermal  equilibrium  with  the  gas  molecules,  though  a  temperature  gradient 
exists  between  cathode  and  anode.  Rondom  current  densities  at  the  electrodes 
ore  then  calculated  from  velocities  determined  by  the  gas  temperature  near  the 
cathode  and  anode.  This  is  token  approximately  as  the  temperature  of  the 
cathode  and  anode  respectively  for  the  present. 

The  currents  to  be  considered  in  the  diode  analysis  are  defined  as: 


pressure  i 
5x10^3 


*  Grover,  Roehling,  Salmi  &  Pidd,  J.Appl.  Phys.  29,  1611,  1958. 
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Jc  andJfl 
Jicond  Jia 
Jo 

J^cond 

where: 


random  electron  current  near  cathode  and  mode 
respectively 

electron  emiulon  current  from  the  cothode  ond 
anode  respectively 

electron  current  In  the  anode  that  eventually 
does  useful  work  In  on  external  lood 

random  Ion  current  neor  cathode  ond  anode 
respectively 


Jsc  =  AVe 


I  KI 

J  ■  N  e  Ve 
c  ® 


2  "^cAc 

(+) 


T 


2  "MoAfl 

J,o  -  at,  e 


Jo^^^  •  N  e  v, 


(22) 

(23) 


and  N  is  number  density  of  Ions  or  electrons  since  they  ore  equal  in  the 
plasma  and  the  density  is  ossumed  uniform  between  cathode  and  anode.  The 
A  and  0  ore  Richardson  constants  and  T  In  the  exponentiol  Is  In  units  of  ev. 

The  voltoges  In  the  circuit  ore  defined  os: 

0c  ‘’0a  •  ^0  •  difference  of  cathode  and  anode  single  valued 
work  functions  (neglecting  patch  effects  for 
the  present) 

V,  and  V,  >  cathode  and  anode  sheath  potentials 
Vp  ■  ohmic  potential  drop  in  the  plasma 


(a)  Plasma  limited  operation 

In  this  case  emission  current  is  greater  than  random  current  so  that  a 
negative  space  charge  Is  built  up  at  the  cathode  and  the  potential 
diagram  is  given  in  Fig.  5.  The  random  ion  current  is  generally 
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10^  imaller  than  th«  random  •loctron  currant,  but  It  li  carrlod  In  th«  analysis  for 
compltttnoss. 

Tht  currant  balance  equation  Is: 


,  -VcAc  + -\t/rc 

+Jc  • 


.  .  .+ 

-Jc-Jo*  -J|0*-<0 


where 


I  -  I  .-VoAa 
-  •'a  • 


(24) 

(25) 


The  voltoge  bolonce  equation  1$: 


Vo  :  AJf  +  Ve+  Vo  -Vp 

Now  tolce 


where  Rp  Is  the  plasma  resistance. 


(26) 

(27) 


The  voltage-currant  chorocteristic  is  derived  considering  Equations  (24),  (25)  and 
(26),  Solving  Equation  (25)  for  Vq  and  Equation  (24)  for  Vc  leods  to  the 
following  expression  for  Vq  os  a  function  of  Jq  with  Jjg  os  a  parameter. 


Vo  :  AjJ  +  T„  In 


Jo  +  J«,  +  J. 


+  Tcln 


J  + 
sc  c 


Jc  +  Jo- VJa' 


JoJ^g. 


(28) 


Several  cases  of  Jo  vs  Vq  are  plotted  in  Fig.  6.  These  are  plotted  for  the 
assumed  parameters  shown.  These  V-J  characteristics  exhibit  a  power  maximum 
in  the  neighborhood  of  two  volts.  The  influence  of  the  plasma  potential  term 
(Jofpg)  's  evident.  The  product  j’pg  dK)old  be  made  as  small  as  possible. 
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Hb)  Emission  limittd  oporation 

In  this  COSO,  omission  currtnt  is  fokon  to  bo  loss  than  random  currant 
so  that  0  positivo  spoco  chargo  con  build  up  at  tho  cothodo  os  wotl 
os  tho  onodo.  Tho  potontlol  diagram  is  shown  In  Fig.  7, 

Tho  curront  balanco  oquation  is: 

♦  Jc*  •  Jo  -J„  -Jo*  (») 


From  tho  potontial  balanco: 

Vo  .  -  Vc  +  Vo  -  Vp  (30) 

Tho  voltogo-curront  characteristic  is  fouiKl,  combining  Equations 
(29)  and  (30),  to  bo: 


4 

Jo  ^  Jio  ^  Jo* 


-Tcin 


Jg  “  Jso  ~  Jg^ 
J$c  "  Jo  ■*’  Jc'*’ 


A  plot  of  Equation  (31)  is  shown  in  Fig.  8  for  tho  paramoters  selected. 
^  seen  in  Fig.  8  this  limits  itself  to  J  J,c  +  Jc+  mathematicolly. 
The  cathode  sheath  corresponds  to  a  barrier  for  random  electron  flow 
into  the  cathode,  but  allows  full  saturated  emission  to  be  drown  out 
otthe  cathode.  Thus  if  plasma  density  were  high  enough  to  moCe” 
random  current  greoter  than  emission  current,  the  diode  would  limit 
at  the  saturation  value  as  exhibited  in  Fig.  8. 


Conclusions 


Calculation  indicates  that  even  though  fractional  ionization  is  rather  low  (10"^)^ 
reasonably  low  values  of  resistivity  con  be  obtained  In  this  low  density  plasma.  The 
resistivity  calculated  from  scattering  cross  section  (Eq.  16)  for  neon:argon  does  not 
agree  very  well  with  that  calculated  from  mobility  considerations  (Fig.  3  and  4). 
The  former  value  has  the  highest  degree  of  uncertainty  so  that  subsequent 
calculations  used  the  values  derived  from  mobility  which  are  based  on  reliable 
measurements  of  recombination  coefficient  and  mobility  itself.  Even  though 
larger  ionization  rates  ore  available  in  a  gas  likeocenon,  the  recombination 
coefficients  measured  so  far  for  this  gas  indicate  an  unfavorable  resistivity. 
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A  numbtr  of  calculations  wort  madt  for  ossumtd  poromottn  which  art  roprosontotlvt 
of  rtolity  for  a  uranium  corbldt  tmlHtr  ond  o  nton-orgon  plasma.  Tht  voltogt 
currant  choracttrlstic  for  tht  plosma  llmittd  cost  (Fig.  6)  Indicatts  that  currtnt  Is 
ilmittd  by  random  plasma  currtnt.  In  tht  omission  llmittd  cast  (Fig.  8)  tht  output 
currtnt  approachts  tht  saturatod  valut  whtn  Tg  Is  small  and  tht  ntutron  flux 
largo  tnough.  Evtn  though  saturatod  tmlulon  Is  not  prtrHcttd  thoorotlcally. 
from  tht  valut  of  ntutron  flux  (5  x  10^2  i^stc  cm2)  avolloblt  at  tht  U.  of  KUchlgan 
rtoctor,  a  comparison  of  txptrlmtntal  voltogo-curront  choracttrlstic  with  theory 
should  I  tod,  It  is  onticlpatod,  to  dtflnitt  conclusions  on  tht  optrating  choracttrlstic 
of  tht  nobIt  gos  plasma  diodt. 

In  summary,  than,  a  dtscriptlon  of  tht  noble  gas  plasmo  diode  Incorporating 
cathode  and  anode  sheaths  with  an  Intervening  plasmo  of  finite  resistivity  leads  to 
a  voltage -currtnt  characteristic  that  is  reasonable  from  the  standpoint  of  being 
able  to  dellter  power  of  order  several  wott%/cm2.  Pressures  of  order  10  mm .  Hg 
In  neon:argon  and  cathode*onode  gaps  of  order  1  mm.  or  less  are  Indicative  of 
some  of  the  parameters  which  moke  the  ^  g  term  small . 

The  analysis  Is  to  be  further  extended  by  considering  in  detaij  the  following: 

(I)  details  of  electron  temperature  In  the  vicinity  of  cathode  and  anode,  (2)  Inclusion 
of  patch  work  functions,  (3)  lower  limit  of  pressure  for  which  volume  recombination 
holds,  (4)  heat  transfer  losses  such  as  radiation  ond  conduction  through  the  gas 
leading  to  some  estimates  of  system  efficiency. 


I 
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P  (mm  Hg.) 


Fig  I. 
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Fig.  2  Froctionol  ionization  vt  ga  prtsiurt  for  o  C'A  gap  of  0.5  cm 
ond  a  gai  T  >  1000  (R  «  rodiotivo  rtcombinofion, 
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Fig.  7.  Emission  limited  potential  energy  diagram. 


AppMidtx 


Th«  problwn  it  to  dtvtlop  th«  pottntiai  distribution  in  ihootbs  undtr  a  varioty 
of  conditions  including  "frot  falling"  ions  and  oitctrons  os  vroll  os  a  Boltzmann 
distribution  of  portlclot.  Shooth  onolytot  at  cotbodo  and  onodo  oro  comblnod 
to  yitid  0  voltogo -currant  choractaristic  for  tho  noblo  got  plasma  dlodo  thannionic 
convorttr.  Sovaral  pouiblt  modot  of  oporotion  ora  davalopod.  With  o  roatonobla 
sot  of  dlodo  paramotors,  powor  donsitios  of  ordor  5  wottv^cm^  or#  colculotod 
which  is  in  tho  rango  of  practical  intorost. 

Gonorai  Chargo  Donsity  Rolations 

Dofining  torms: 


1  + 


andS^ 
and  j. 
and  V. 


V 


T+  and  T. 


M  and  m 


■  Nq  whoro  N  It  partlcio  donsity  and  q  is  oloctronic  chargo 
c  chargo  donsity  of  Ions  and  oloctrons 

m  curront  donsity  of  ions  and  oloctrons 
c  avorogo  volocity  of  ions  and  oloctrons 

■  potontial  in  volts 

■  tomporaturo  of  ions  and  oloctrons  in  volts 

are  constants  of  chorge  donsity  and  velocity  not 
necessarily  tho  same  for  both  particles 

X  ion  and  electron  mass 


For  particles  in  a  Boltzmann  distribution  (local  thermal  equilibrium): 


I 

I 

I 
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j+/v+ 

S.  m  j./v. 


(3) 

(4) 


Considtring  V  to  bt  tho  pottntkil  chongo  ovor  tomo  dlitonct  whtro  Initial 
porticio  volocity  wos  Vo,at  V  -  0,  tho  onorg/bolonco  It: 


1/2  Mv+^  •  1/2  -qV 
1/2  m  V. 3  I  1/2  m  ♦qV 


(5) 

(6) 


At  any  poiltion  of  potontlol  V  tho  not  chorgo  donslty  Is: 

-  r.  (V) 


(7) 


From  Poisson's  oquatlon: 


V^v  .  -f/tf. 


(8) 


then: 


dV 


(9) 


which  In  defining  a  "Debye"  length 


1/2 


with 

(9): 


'd 


'd  (.0) 

^'6  where  Ij  Is  the  usual  Debye  length  definition.  Thus  rewriting 


I 
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wh«rt  ^■f(VA)» 


(11) 


Tht  pottntlal  as  o  function  of  ditfonct  is  obtainod  by  using  E  from  (1 1)  in 


*  =  02) 

Equations  (II)  and  (12)  ora  now  to  bo  utiiizod  along  with  combinotions  of  (1),  (2), 
(3)  and  (4)  to  obtain  th#  shooth  potontiol  distribution . 


I.  Equilibrium  Shooth 

Considor  ions  and  oloctrons  ot  th#  soma  tomporaturo  T  with  thoir  distributions 
givon  by  (1)  and  (2).  At  V  *  0,  *  $-  so  that  tho  Co's  or#  takon  oquat . 

Thus  from  (II)  and  (7); 

T  VA  T 

2  2T^ 

E  «  — *■  cosh  V/T  C 

Id^ 


Relating  cosh  to  sinh  gives: 


e2  .  1!_  sinh^  V/2T  +  E.^ 

I?  ® 


(13) 


where  E^  is  the  field  when  V  «  0. 


The  case  E^  =  0  corresponds  to  zero  current  and  gives  the  potential 
distribution  in  on  emitting  cavity  with  volume  ion  source.  From  (12)  and  (13) 
then: 


x/lj  =  (Intanh  V/4T) 


(14) 
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Thli  li  illuttratcd  b«low: 


I  CAWT/ 

LJ 

X 


Fig.  1 


II.  Probt  Slttolht 

Th«  plotma  odjotnlng  a  probt  Is  divided  Into  two  oroot,  a  pro-ihoath  in  which 
Ion  and  oloctron  donslttoi  or#  opproxlmottiy  equal,  ond  o  ihooth  In  which  donsitioi 
or#  not  equal .  Electrons  ore  described  by  a  Boltzmann  distribution,  whereas  Ion 
density  Is  determined  from  the  current.  The  potentlol  and  charge  distribution  )s 
Illustrated  below. 


Fig.  2 
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In  thf  prt-th«oth,  Hm  eharg«  dtntltlM  art  tqual  to  Hit  plaimo  dtmlty  ^p: 

(15) 

?.  (14) 

^4.  =  |+/v+  (17) 

l/2Mv+2.-qV  (18) 

Equation  (18)  impllts  that  initial  ion  vtlocity  it  ztro  ot  x  s  0,  i.t.  tht  probt. 
Tl)u.,(rem  (7)  i—— 

At  V  :  Vq;  ^  s  0  and  •  0.  Thosa  boundory  oondltlont  appltod 

to  (19)  yitid  thf  following: 

Vo  =  -  T./2  (20) 


So  ■■  «') 

That  It,  the  prethooth  charge  dentity  it  tmoller  by  l/jTT  ot  the  boundary 
between  the  theoth  and  pre-theoth. 

in  the  theoth  (making ute  of  the  boundary  voluet  ot  V  ■  Vq,,  i.e.  j+  =  fj.  v^. 
and  5-  "  *To  ^  "  ^0  ^ 

.  f  ,(v-v„)A. 


“  ^  ''o 


''oA+ 


So  that,  using  (18)  and  (20)  to  substitute  for  V  and  then: 


Vo/v+  -  e 
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Now  line*  from  (18)  ond  (20); 


thtn  from  (24),  (25)  and  (1 1): 


(*+Vv,2  - 1)/2 
+ 


(25) 


(26) 


Th#  constant  of  Intogrotlon  Is  colculotod  for  gtvon  boundary  conditions.  Equation 
(26)  with  (12)  hos  boon  inttgrotad  numoricoliy  by  Longmuir  *  whort  K  is 
datorminod  by  sotting  E  «  0  at  V  >0. 


Results  of  tho  previous  analysis  are  used  to  expiain  probe  curves,  ion 
velocitiy  ore  determined  by  their  potential  drop  acrou  the  pre*sheath,  l.e. 
■2qVo 

\  M  *  w*  of  (20)  and  (21)  then  the  saturated  Ion  current  is: 


i+sot  * 

where  "e"  is  the  base  of  natural  logs. 

Near  the  probe  boundary  the  electron  current  is  given  by 
is  average  velocity.  This  yields: 


(27) 

where  v 


where  Vf  is  the  floating  potential,  Vp  1$  the  plasma  potential. 
Now  saturated  electron  current  is  given  by: 


Thus  both  electron  andjon  current  are  a  function  of  electron  temperature. 
The  probe  characteristic  is  Illustrated  below: 


*  D.  Langmuir.  Phy.Rev.  33,  954,  1929 
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Ffg,  3 


Th«  floating  potential  V,  is  deHned  for  j+  =  |.  and  the  plasma  potential  Is  Vp . 
Thus  from  (27^  and  (28);  ^ 


The  ratio  of  saturated  currents  Is  Independent  of  temperature; 


III"  Effect  of  Ions  on  Space  Chorge  Currents 

Consider  a  parallel  plate  cathode-anode  geometry  with  electrons  being  emitted 
with  zero  initial  velocity  from  the  cathode.  The  problem  is  to  compute  the  potential 
distribution  when  ions  are  generated  uniformly  in  the  cothode-onode  space  with  zero 
Initial  velocity.  It  is  ossumed  there  are  no  collisions  so  thot  from  (3),  (4),  (5),  (6) 
and  (7); 


where  the  potential  Vg  is  anode  potential . 
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Dtflnlng 


(33) 


Hi«n  from  (9)  and  (32)^  and  tha  boundary  condition  that  E  >  0  at  tha  eathoda,  I  .t .  V  ■  0: 


Th«  potential  distribution  dorlvabla  from  (34)  is  given  by  Longmuir  *  'for 
various  values  of  comidering  ions  formed  at  a  particular  plane.  Figure  4 
indicates  the  shape  of  the  potential  for  several  limiting  values  of  The  value 
^  ■  0  corresponds  to  the  Chlld*Langmuir  law,  I.e.  no  Ions.  The  value ■  1 
carresponds  to  zero  potential  gradient  at  both  cathode  and  anode.  The  valueO(,  ■  Oe 
corresponds  to  a  uniform  plasma  over  the  space  except  Cor  a  cathode  sheath. 


For  the  case  of  Ions  emitted  from  the  anode  Langmuir(l)  finds  that  the 
electron  current  is  increased  to  1 .8605  x  where  is  the  space  charge 
limited  current  In  the  absence  of  space  charge.  A  calculation  for  the  planar 
position  between  cathode  ond  anode  for  Ion  generation  that  leads  to  the  greatest 
Increase  in  electron  current  flow  Indicates  that  this  is  o  point  4/9  of  the  dlstonoe 
from  the  cathode  to  anode. 

An  extension  of  Langmuir's  work  is  found  in  a  paper  by  Auer  et  ol  ^  in  which 
the  cathode  sheath  potential  distribution  is  calculated  considering  space  charge 
resulting  from  primary  electrons  from  the  cathode  and  from  ions  generated  in  the 
cathode  sheath.  This  corresponds  to  o  low  density  gas  discharge  in  which  the 
onolysis  indicates  how,  with  Increasing  gos  pressure  and  voltage,  the  cathode 
sheath  and  positive  column  in  the  discharge  ore  formed. 


*  D.  Langmuir,  Phy  Rev.  33,  954,  1929 
^  P.L.  Auer,  etol,  Phy  Rev.  Ill,  1017,  1958 
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IV.  Spoct  Choffl#  Ntutrolizotlon  by  Potitiv  lont  In  Diodt 

Tht  probl«m  of  computing  Hit  potontlol  distribution  In  o  diodt  In  which  Ions 
ort  In  thtrmol  tquilibrlum  ot  cothodt  tomptraturt  hot  boon  dtvtioptd  by  Autr  tt  ol  ^ 
ond  Is  outlintd  htrt  In  Hit  notation  ustd  prtviously.  Tht  storting  point  Is  Hit  solution 
to  Hit  titctron  dtnsity  distribution  for  tht  cost  of  spoct  chorgt  limitation  whtrt 
titctrons  art  tmltttd  from  Hit  cothodt  with  a  Moxwtllion  dlstributfon.  Tht  torlitst 
trtotmtnt  by  Fry  \  hod  somt  trrors  os  Indlcottd  by  Langmuir  /  .  Autr  btgins  with 
LongmuIrS  rtsuit^  Tht  pottntlol  distribution  In  Hit  obstnct  of  Ions  Is  shown. 


Fig.  5 


Electrons  flow  in  o  double  streom  in  region  (o)  since  some  electrons  ore  reflected  bock 
by  the  potential  barrier  where  o  single  stream  flows  in  region  (b).  The  cathode  Is  at 
temperature  T,  and  electrons  ond  ions  ore  assumed  to  hove  the  some  T. 

The  electron  density  Is  defined  In  terms  of  the  current  and  the  average  velocity 
of  the  emitted  electrons. at  the  spoce  charge  minimum. 


f 


/ 


P.  L.  Aueretal,  J.Appl.Phys.  30,  161,  1959 
T.C.Fry,  PhyRev.  17,  441,  1921 
D.  Langmuir,  Phys.Rev.  21,  419,  1923 


(35) 


(36) 
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Thf  solution  for  ot  a  function  of  position  Is  givtn  by  Langmuir  as: 

whtra  tbt  potontial  V  is  taken  with  rtspKt  to  V^,. 

Now  assuming  Ions  at  tbt  same  ttmptraturt  os  the  catbodt,  then 
Autr  writes: 

r  e  -vA  .p  -vA 

r+  -  •  *  ^^-o* 

?+o  •-<  f-0 


Thus 

5^(V:0)  m 

The  quontltyoL  Is  on  arbitrary  parameter  relating  ion  to  electron  densities.  The 
total  charge  density  is  then  from  (37)  and  (38). 

t.rf 


Thus  from  (11)  and  (41): 


-forx>x^  +forx<x„ 
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Tht  quontity  s  0  If  th«  pottntlol  minimum  occurs  botwoon  th#  tltctrodos.  Tht 

potontlol  Is  obtaIrMd  from  (12)  and  (43)  with  Ej  =  0.  Auor  computM  this  numorlcolly 
and  stvaral  cosos  of  Intorost  ora  roproducod. 


For«^s  .8097  -  VA  opproochos  a  limiting  valua  whoroas  for  =  .786, 

VA  ho$  a  pronouncod  Infloctlon.  Abovt  tht  limiting  value  ^  CR  tht  potential  has 
the  apptoronct  of  standing  waves.  These  curves  are  all  based  on^e  assumed  boundary 
condition  that  minimum  In  the  potential  appears  between  cathode  ond  anode.  Thot  Is, 
even  If  ion  dmity  opproaches  electron  density  •  1)  a  minimum  Is  still  observed 
and  VA^x^. 


The  constont  In  (43)  not  equal  to  zero  corresponds  to  the  case  of  no 
potential  minimum  due  to  Insufficient  cathode  emission,  i.e.  potential  is  more 

boundaries.  This  case  is  treated  qualitatively 


V.  Application  to  the  Noble  Gas  Plasma  Diode 

The  problem  Is  to  calculate  the  current  voltage  characteristic  for  a  cathode 
sheath  and  anode  sheath  and  then  to  join  the  two  solutions  to  get  the  diode  characteristic . 
Consider  anode  emission  small  relative  to  random  electron  current  at  the  anode  so  that 
the  anode  sheath  consists  of  a  single  sheath  with  excess  positive  charge .  The  cathode 
sheath  potential  distribution  is  dependent  on  cathode  emission  and  consequently 
several  modes  of  operation  can  be  discussed .  These  are  first  described  with  the 
following  notation  used  to  differentiate  between  the  various  quantities. 
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and  T.  ■  ^paraturt  of  Ions  and  oltctrons  In  volts 

(t  c  ond  lo  rtftr  to  tomporaturt  noor  cothodo 
and  onodo) 

and  •  soturatod  aloctron  omission  from  cothodo  and 
onodo  at  tomporoturos  Tc  and  Tq 

and  ■  random  oloctron  currant  In  tho  plasma  noor 
cothodo  ond  onodo  (“t  rc  and  ro  rafor  to 
Ion  curront) 

J  a  not  oloctron  curront  flowing  In  tho  plasma  botwoon  cothodo 
and  anodo  ond  Into  oxtomal  circuit 

Vp  a  plasma  potontlol  tokon  arbitrarily  as  tho  raforanco  for 
shoath  potontials 

Vg  and  Vg  a  cothodo  and  anodo  potontlol  rolativo  to  plasma 
potontlol 

Vg,  a  potontlol  of  spoco  chargo  minimum  rolativo  to  plasma 
potontlol 

A.  Anodo  Shoath 

For  an  anode  area  comparable  or  greater  than  the  cathode  area,  the  electron 
current  to  the  anode  Is  generally  smaller  than  the  random  current  in  the  plasma.  This 
Is  caused  by  a  retarding  field  for  plasma  electrons  at  the  anode  and  is  considered 
here.  If  anode  area  is  smaller  than  the  cathode  area,  an  electron  sheath  develops 
corresponding  to  a  positive  sheath  drop  and  In  some  discharges  leads  to  a  ImII  of 
fire"  mode  wherein  ionization  takes  place  in  the  region  of  sheath  potential 
greater  than  ionization  potential  *«  Figure  7  shows  the  potential  diagram  for  the 
plasma  electron  retarding  field  case. 


*  L.Malter,et  al,  RCA  Review, 41 5, 1951 
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In  this  cos*  random  Ion  eurront  is  not  nogloctod.  It  is  rolattd  to  J  by  Eq.  (31) 
so  that: 


J-tro  .  Rirm 
T”  >  TTT 

-to 


(44) 


Currtnt  balanco  at  th«  anod*  givii;  whtro  Vg  is 


0  nogativo  quantity: 


(45) 

(46) 

(47) 

(48) 


From  (47)  it  is  evident  that  maximum  electron  current  drawn  From  the  diode  is 
considering  anode  emission  small .  Now  since  then  both 

N  and  v  (i.e.  electron  temperature)  want  to  be  kept  large.  Figure  8  shows,  for 
example,  values  of  vs  gas  pressure  for  the  noble  gases  studied  in  TM  40-98(7) 
where  electron  and  gas  temperatures  were  both  taken  as  1000*  K. 

The  characteristic  given  by  (46)  will  be  combined  with  subsequent  cathode 
sheath  characteristics. 
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B*  Cothodf  SingU  Sh«oth  (Strong  Emlttor  Solution) 


(52a) 
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Dtfinlng  :  In 


Hmh  th«  op«n  circuit  voltogt  becomes: 


V.(J.(>)S>Je-^c 


(53) 


The  sheath  potential  will  be  positive  relative  to  the  plasma  when: 


(54) 


Now  since  the  maximum  J  ■  J.^  then: 


ec  “TO 


+  J 


-rc 


(55) 


If  electron  temperature  neor  onode  and  cathode  is  the  some  then  the  cathode 
sheath  potential  is  always  positive  when  approximately: 


J  ^  2  J  (56) 

ec  ^  ’^Tc 

C.  Cathode  Single  Sheath  (Weak  Emitter  Solution) 

For  0  weak  emitter,  It  is  possible  for  the  cathode  sheath  potential  to  become 
negative  with  respect  to  the  plasma.  This  is  true  if  in  (51): 

Jec  <  J  +  J-rc  (57) 


which  similar  to  the  argument  derived  for  (56)  then 

Jec^  2  J-rc 

is  the  condition  for  a  negative  cathode  sheath  potential . 


(58) 
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Th«  curr«nt  balanc*  It: 


J  -  J 


•c 


Thut, 


T-c 


For  J  .  0  Vj  (J  .  0)  .  T.g  In  ‘^•rc 


■^•c  *  •^♦rc 


(59) 


m 

(61) 


D.  CatlK>do  G>ubU  Shooth  (Auor  Solution) 

In  rt)li  COM,  UM  ft  modo  of  tho  condition  found  by  Auor  *  for  V-.  Tho 
thooth  potonttol  It  potltlvo  rolotivo  to  tbo  plotmo  ot  shown  in  Fig.  11. 


*  P.Aueretol,  J.AppI .Phyt.  30,  161,1959 


I 
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The  current  balance  ii: 

J  .  V.  ♦J+rc  («> 

For  smell  Ion  current  ond  for  J  ■  0,  this  reduces  to  eq.  (52)  for  Vg ,  noting 
that  V„  01.  Now  AuerO)  calculates  that  for  cathode,  electrons  ond  Ions 
all  ot  the  some  temperature,  the  value  of  V„  which  provides  ■  constant  in  x 
(I  .e.  ossuming  no  potential  gradient  In  the  plasma)  Is  ■  •0.344  Tg  • 

•  Now  since  J  '» ^  ^-c  <^2)  becomes: 


.  ■''cAc  ,  V  -0.344 

J  .  (Jw« 

(63) 

.  V 

J  ■  (dfc'^^-rc^* 

(64) 

For  J  «  0,  Vc  from  (63)  has  the  some  form  os  (52)  for  the  single  sheoth 
strong  emitter  solution  and  the  cathode  sheoth  would  be  a  single  sheath  at  this 
value  unless  0(.  ■  0.8097  In  which  case  the  sheath  potentlol  would  oppeor  os  In 
Fig.  11  with  plasma  potentlol  at  cathode  potentlol. 

E.  Cothode  Double  Sheath  (Langmuir  Solution) 

Langmuir  treats  the  case  of  a  double  sheoth  in  which  the  cathode  is 
negotive  with  respect  to  the  plasma .  The  ratio  of  electron  current  to  Ion  current, 
when  cathode  emission  is  raised  to  the  wint  of  current  limitation  by  space  charge. 
Is  given  by  the  ratio  of  masses  This  holds  when  Initial  velocities 

are  ignored  and  is  good  for  large  cathode  sheath  potential  drop  (V^).  For  small 
sheath  drops  the  ratio  Is' calculated  by  Langmuir  Including  Initial  velocities. 

This  tends  to  decrease  the  ratio  at  the  double  sheath. 

The  Langmuir  doubie  sheoth  is  shown  in  Fig.  12  and  is  treated  here  in 
the  same  way  os  previous  cases  with  Initial  porticle  velocities  neglected. 


D. Langmuir,  Phy.Rev.  33,  954,  1929 
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Currtnt  balanet  glv*v 


'+rc 


(66) 


For  a  ^blt^h^h  th«  soturottd  oltctron  curront  (nogUcfIng  random  curront)  Ii 
J,c«  ®  ®  and  tho  $aturattd  Ion  current  li  J+  .  Thus  from  Ql)  then 


r  J .  1  eM 

^  +rc 


ec 


J 


2irm 


(67) 


-rc 


Thus  from  (31),  (66)  and  (67)  and  since  the  right  side  of  (67)  is  just  J 
J  «  J  ]  +  1 2trm  _  ^Yn^-c 

L  N  eM 

Also  from  (67)  after  raising  bath  sides  to  the  Tg  /T^  power; 

^ec, 


(68) 
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ond  thus: 
J 


ForVc  *0, 


Te^T^  ond  ntgl«ctlng 


J(Vc  *0) 


m 


(70) 


Equations  (64)  ond  (70)  doscrlba  tha  soma  conditions  for  a  doublo  shtath 
(Vq  ■  0);  howtvor  thoy  art  tquivaltnt  only  ot  ont  particular  valua  of 

.  This  anomalous  bahovior  indlcatos  that  tht  ouumptlon  af 
Jac 

ignoring  initial  ion  and  tloctron  valocltios  in  tha  Langmuir  doubit  shoath  cost  may 
ba  in  considarabU  trror.  Additional  calculations  art  In  progross  on  tht  doubit 
shoath  mod*  of  diodt  optration  to  chtck  this  point. 


VI.  Computation  of  Dioda  Chorecttristic  for  SingU  Cothoda  Shooth 

Tht  strong  emitter  solution  of  the  single  cathode  sheath  is  joined  to  the  anode 
sheath  solution  to  give  the  voltage  current  characteristic.  This  cose  yields  the 
highest  power  output  for  the  noble  gas  plasma  diode,  whereas  the  weak  emitter 
solution  would  be  operative  when  J.|>c  >  which  is  the  cose  for  a  cesium  diode 
where  ion  densities  of  10  l^cmS  provide  random  currents  of  order  100  amps/cm  2, 

The  potential  diagram  of  the  diode  for  the  single  sheath  case  including 
plasma  drop  A  Vp  is  shown  in  Figure  13. 


Fig.  13 
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Th.  volku.  balonc,  ^  V,  V.  ond  V,  or.  p<»»l«.  I,  lU,: 

V  -O*  ♦V.+V, -AVp  (7,) 

U,  fet  Ih*  diod*  dnracttrtsHc,  V  Ii  colculoltd  lo  b*  o  pnMv*  quonllly 
which eon«|ioiidi lo Hw eolhedo being poiltivo with mpMl tolho oi^.  ^ 

EquaHons  (51)  ond  (46)  art  opplltd  to  (71) 

wlthth.j£j^  ‘•"""^'•''•<‘i"(«)ond™m«*«I„glbolVo  woionogallv. 
quonllly  In  (4«)ond  i  now  lokon  o>  potlllvo  by  Inverting  Iho  quonllllot  In  Iho  In  lonn; 

.T.Inj^eT,lnj^.jg,  pg, 

r,!r7o,  jj!  =T?r.'t!^c'"ln*,  ” 


V  ■  Tc  In  +T 

1^1  ^  .  - 


J*J. 


J  +  J. 


JRg-^n 


^•c>  J-rc  ond  J  ^  From  (73)  It  I, 
evident  that  Rg  ond/j,  wont  to  be  made  small  consistent  with  a  small  back 
emission  from  the  anode  J^. 

vQ 

Flguroi  14  ond  15  show  Iho  vollogo-curroni  choroclorlsllci  colculolod  Ibr 
1^?  “1 2000*  K  Wilh  A  .  33  )J  .  3.14  tv  ;  onodt  -  Bo^rO  ol  900*  K 

Tf  V  r  r'r  ®  “  "•"s*  «« •«p«™turt 

^  ^  !  tomporoloros  ol  eolhodt  ond  onodt  ort  loktn  oi  tquol  lo 
MrtKsd.  ond  onodt  Itnytrol^t.  Power  den, lilts  of  order  5  woHv'cm  2  ort  seen 

llftltatTs't;nldt™d 


V  (VOLTS) 

FIg.H.  Voltog#-CuiTtnt  ChoracttrltHc  Colculottd  for  o 
UC  Cathode:  T  .  2000*  K,  T-  -  900*  K, 
-  2.14  tv,  Nt:A  003:1), 

Neutron  Flux  •  5  x  10^3  i^mc  cn(i2 
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VII.  Conclusions 


Single  sheaths  ond  double  sheoths  Mn  exist  at  the  cathode,  whereas  a 
single  sheath  exists  at  the  anode  In  the  NGPD.  The  combination  of  the  cathode 
single  sheoth  and  anode  sheath  are  shown  In  Fig.  16  for  both  weak  and  strong 
emitter  solutions.  In  this  cose,  the  plasma  potential  drop  Is  neglected.  This 
Illustrates  how  the  cathode  sheath  changes  with  current  drawn  from  the  diode. 
Figure  17  shows  how  the  Introduction  of  the  plasma  potential  drop  (assuming 
resistivity  Is  a  constant)  changes  the  combined  sheath  characteristic.  Conditions 
for  which  the  double  sheath  mode  of  operation  exists  are  not  yet  well  enough 
understood  to  be  reported. 

Current  drawn  from  the  NGPD  Is  limited  to  the  random  electron  current 
at  the  anode.  Now  since  then  large  Ion  density  and  a  high 

electron  temperature  are  desired.  The  density  Is  limited  by  available  fission 
foment  flux  and  electron  temperature  Is  determined  from  heat  balance  considera¬ 
tions  In  the  plasma.  The  latter  is  presently  being  Investigated. 

Utilizing  parameters  calculated  In  Appendix  I,  the  calculated  diode 
characteristic  for  a  NGPD  yields  power  densities  of  order  5  wath/cm^.  System 
efficiency  depends  on  what  Input  energy  Is  assumed  to  maintain  the  system  at  the 
desired  temperatures.  It  is  evident  that  If  better  material  parameters  ore  selected 
or  a  higher  neutron  flux  assumed,  the  power  output  density  could  be  proportlonotely 
Increased . 
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Fig.  17 

NGPD  Single  Cathode  Sheath  Characteristic  Including  Plasma 
Potential  Drop^Vp 
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In-plU  operation  of  rtoclor  txptrimtnt  II  yltlcM  choracttrlstlc  curves  os  shown 
In  Fig.  I .  (The  I  .  curve  Is  drown  b/  the  logarithmic  amplifier  of  the  X-Y  recorder 
It  ,  to  Its  true  sign.)  At  I  megowdtt  reactor  power  (neutron  flux  of 

5x10  tvfc  cm2)  a  short  circuit  current  Increase  of  about  50  fold  over  the  case  of 
zero  neutron  flux  Is  observed  and  the  curve  Is  relatively  flat  at  a  positive  bias  greater 
than  2.5  volts.  This  saturated  current  Is  defined  as  I,,  and  the  reversed  current  (jback 
emlulon  plus  Ion)  Is  defined  os  1,^..  Fig.  2  shows  how  I,,  varies  with  cathode  tempera¬ 
ture  for  fixed  reoctor  power.  Ae  plasma  limited  current  this  corresponds  to  a  number 
density  varying  from  3.8  x  10^0  to  1.8  x  10^^  lonv'cc. 

The  saturation  current  I,,  yields  the  most  Information .  As  it  Is  so  much  lower  than 

le  It  must  be  caused  by  plasma  saturation.  L  ■  cathode  saturated  emission  current 
density. 


I$-  =  ne^  eT/27rm  (1) 

However,  It  Increases  by  a  factor  5  as  the  emitter  temperature  changes  from  1164 
to  1467*  K  so  that  n  must  change  by  almost  that  factor. 

In  order  to  explain  the  low  saturation  current,  It  Is  expected  thot  the  emission  Is 
held  back  by  a  negative  potential 


(2) 


If  It  is  assumed  that  the  space  around  the  electrodes,  where  the  fission  fragments  are 
densest  and  nwst  of  the  Ionization  is  taking  place.  Is  at  cathode  potential,  or  at  a 
constant  difference  from  cathode  potential,  then  the  voltage  AV  will  pull  Ions  Into 
the  Interelectrode  space  and  may  couse  the  observed  Increase  In  L.  The  objective 
of  the  following  calculations  is  to  obtain  a  qualitative  picture  of  how  this  may  occur. 

The  flow  of  ions  in  the  plasma  is  given  by 

r+  z  -  VD^n  4^^  En  -  -D+(7n  -  Er/T+)  (3) 

and  the  plasma  balance  equation  is 

^  =  S  -0(n2  +  D+  (V2n  -  y.n^.)  . 

Cii 


0 


(4) 
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Th«  IncrMM  in  I,  with  rMctor  powtr  indicotti  that  th*  bulk  of  tho  ploima  ii 
rtcofflblnoHon  eontrolltd.  Honeo  It  will  bo  ottumod  thot  tbo  plasma  donsity  n  In 
tho  tpaco  around  tho  oloetrodoi  is  givon  by  ^ 

(5) 

In  tho  ipaeo  botwoon  tho  oloetrodoi  rocombinatlon  is  nogligiblo,  and  lot  us  considor 
first  tho  situation  dofinod  by  I •  •  I,.  .  I,,  whon  E  a  0.  Thon 


S  +  DV  n«  r  0 


(6) 


Wo  shall  ossumo  soml-lnfinlto  parol loi  pianos 
instood  of  cylindrical  geomotry.  Thon  tho 
solution  of  (6)  is 


no  *  n^  +  n2 

^(t 

02  ■ 


‘/o  X 


« 0 


(7) 


Nowwl,.nl,>  th,«,l„.ionof(4)wlH,o<^„2  .  0  T.  E^,  o  comlont,  I. 


n  *  m  + 


1  "3 


03  m  Inf 


or 


»  t)  “¥  •' 


(8) 


where  x  is  now  on  overage  distance  of  penetration  by  the  plasma . 


Apptndix  III 


-3- 


S 

-JIS-  r  *’***“  •*  '•“"""•I.  wollww. could b«nnl«el«J.  Alw 
b«»uio  random  cuironh  ®  >  praportionol  lo  domlHot,  nogloettng  Hw  factor  fT, 


Thtrafbrt 


lo  •  li  ♦  I2 
>2  ’  Or  -  h)# 

I,.  «  l|  +  I3 

-Vx 

I3  «  dr  -  h)« 


^  X  ■  In 
0 

X  In 


(9) 


(This  li  the  maximum  value  of  li);  d  -  C-A  gap,  D  .  diffuilon  coefficient, 

T  ■  electron  temperature  and  A  Is  taken  as  planar  part  of  cathode  area  ■  0.07  cm^ . 
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Alio, 


[-  ir« 

l|  ♦Of  •\^)^ 

J4x^ 


L  :  currtnt  corratpondlng  to  rtcombination  eontralltd  Ion  dmity  In  tho  gap  botwMn 
tno  To  shlold  ond  C-A  •loetredM. 

To  mokt  quontltotlvc  comporlton  of  .th«>ry  and  oxporimMtwo  noMi  to  know  Ir ,  1 1  and 
lo<  Tho  coleuloHom  of  Appwdix  I  givo  on  Ionization  rato  of  2  x  10^4  lof^cm^itc 
for  at  p^a  20  mm  and  T  a  100^  K.  Using  tho  rodlottvo  rtoomblnotlon  coofflelont 
of  ^8  10  '^givMlr  a  73x10"^a.  (nr  a  1 .4  x  10 '^lonv^cc)  and  o  dlnoelotlvo 
ttrmc^  a  2x10  givot  Ir  a  1.6x  10*^a.(nr  aSxlO^®).  Sinco  voluts  of  1^ 
biggor  than  tho  lottor  value  wort  mooturtd,  lot  ui  eontidor  tho  mo  of  1^  a  73  x  10-3  o.  for 
tho  calculations.  This  would  bo  tho  maximum  current  that  could  bo  drown  from  tho  plasma 
then  ond  corrospondi  to  o  current  density  of  1  o./cm^, 

Nowli  Is  calculated  using  S  a  2x10^^,  d  a  O.lcmond  D  a22cm2/«oc. 

T* 

The  Ion  diffusion  coefficient  is  obtained  from  the  omblpolor  coefficient  measured  by  Blond!  *  • 
This  gives: 


yfm  2x  10’^(.1 
*  TTlO^  8  *  22 


X  .07  a  0.6  mo. 


In  computing’ I Q  consider  x  :  3/2d  which  Is  the  collector  rodius.  Thus: 

.  r, _  -'*'3/21  ... 


=  0.6+ (73.6) 


x  lO”**  a  1.26  mo. 


This  value  of  1^,  Is  somewhat  higher  thon  that  Indicated  by  the  date .  From  1 1  ,  L  and  I, , 

K  is  computed  to  be  110. 

Fig.  3  Is  a  plot  of  - -1  versus  le/l$-  .  In.  this  cos#>  Is  .taken  equal  ■taT+  and 

I  -I  '  ’ 

■  JL _ •  The  theoreticol  curves  ore  computed  for  K  a  50  and  K  •  100  and  the 

^0  "  h 

and  the  data  points  use  measured  values  of  1,.  and  1]  =  0.6  ma  and  I  ^  r  73  ma  as 
computed  above.  This  Indicates  a  rather  rough  correlation  between  the  theory  and  experiment. 


*  M.  A.  Blondl.  Phy.Rev.  83,  1078,  1951 
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Flg.  4  ihowt  th«  data  of  l|.  plottod  vtnut  (roactor  powtr)V2.  This  ehoractorlttlc 
taktn  at  Mstntlally  oomtont  eathodo  and  anodo  tomporaturoi  IndleatM  plaima  doratty 
It  roeomblnation  I Imltod  (div^dtoC  roactor  powtr  BO^n^  itnctn^l|. ).  This  It 
eomlttont  with  tho  modd  tuggottod  by  Prof.  Alllt  tinco  tho  diffutlon  Into  the  C-A  gop 
It  from  0  roeofflblnatlon  limited  tourco  which  It  Indicated  by  Fig.  4. 

With  large  retarding  voltoget,  the  diode  current  reverMt  and  thould  corretpond  to  the 
turn  of  bock  emittlon  ond  potitive  Ion  current.  Fig.  5  llluttratet  the  pottible  theath 
picture  ot  the  onode. 


Rg.  5.  F.F. <1  with  Lorge  Retarding  Field 


The  rotio  of  soturoted  electron  to  saturated  ion  current  thould  be  constant  and  equal 
to  ^  m  Ne/me  which  is  200,  This  Is  true  If  the  following  conditions  exist:  plasma 
density  is  constant  with  cathode  temperature  and  with  change  in  applied  bias,  and  also 
if  back  emission  from  the  anode  (I  gg)  is  small . 


Th.  mraur^  vorIqHon  of  circuit  yoltogu,  V„ ,  with  t«np.ralur.  It  shown  In 
Fig.  6.  This  c®  b.  rolotod  to  th.  Ih»ry  sine  con  b.  derived  from  Eq.  (72) 
Ot  Appendix  II,  neglecting  plasma  resistance  and  setting  J  z  0: 


T-c 

TTTM 


T-a 

11,600 


(13) 
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Substituting  the  Rlchorcbon  eguotlon  for  yields: 
T  A  »  2 

*  I 


oc 


'c  In  ^cV 


•^eo'*'  •4ra 


"  0t 


where  and  Tg  are  cathode  and  anode  temperatures  (*K) 

ondT^  ore  electron  temperatures  near  the  C  and  A  (*K) 
Ag  Is  the  thermionic  A  value  for  the  C  020  amp^cm2*K) 


-rc 


‘  4x  I0'3 


J+ra  ■  J 


-re' 


Mr 


m^ 


_ e. 

Mjon 

r  Ion  number  denslty/cm^ 


04) 


Now  using  the  number  density  os  computed  from  the  measured  soturated  electron  currents 
and  electron  temperature  equal  to  Tg  the  random  currents  In  the  Vgg  equation  were 
calculated  os  Indicated  above*  Arii^  work  function  wos  computed  from  published 
Phillips  data^*  and  electron  temperatures  were  set  equal  to  electrode  temperatures  to 
yield  the  theoretical  points  shown  In  Fig*  6. 

The  measured  saturated  back  current  (Jgg  ♦  )  as  Indicated  above  should  be  roughly 

l/200th  of  the  saturated  forward  current.  At  the  higher  cathode  temperature,  this  ratio 
was  observed  to  be  a  factor  of  3  smaller  than  this  value  (possibly  due  to  reduced  back 
emission  and  reduced  plasma  density  In  the  gap  at  high  negative  potential).  The  effect 
of  this  magnitude  chortge  In  (Jgg  ♦  J+^g)  however  leads  only  to  a  calculated  0,1  volt 
increase  In  Vge  *  This  magnitude  Is  within  the  experlntenfol  error  so  the  agreement 
between  theory  and  experiment  Indicates  the  choice  of  number  density  (from  saturated 
current)  and  temperature  values  is  reasonable. 


A  comparison  of  the  voltage  current  characteristic  as  calculated  from  the  emission  limited 
theory  (Eq.  (72),  Appendix  II),  using  a  number  density  obtained  from  measured  saturated 
current,  is  shown  In  Fig,  7  for  one  of  the  reactor  runs.  In  this  case  the  calculated 
back  current  corresponds  to  anode  back  emission  plus  random  Ion  current.  The  curvature 
of  the  experimental  curve  could  arise  from  geometrical  factors  or  variation  of  plasma 
density  at  retarding  voltages. 


Implicit  In  all  the  calculations  above  was  that  electron  temperature  was  taken  equal 
to  emitter  temperature*  In  a  probe  characteristic  the  difference  between  the  plasma 
potential  and  floating  potential  yields  the  electron  temperature  from; 


Vp  -Vf 


T-  In 


(15) 


Levi,  R.,  Phillips  Tech. Rev,  19,  186  (1958) 


* 
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The  data  at  1267*  K  Indloatoi  a  wall  bthovod  ratio  lo  lot  us  oaleulatt  T-  at  this 

point.  Hora  Vp  ^0.1  volts  and  0.6  volt.  Fram  (6)  wt  obtain 

T.  B  0.7x5.26  s  3.7  V.  or  42,500*  K  oloetran  tomporatura.  This  seams  ralbor 

high  Indleoting  that  the  usual  pro^  theory  may  not  apply  here. 

The  general  choraeter  of  the  results  so  for  Indicate  that  plasma  density  In  the  C-A  gap 
changed  not  only  with  emitter  temperature  but  also  with  retarding  potential . 

Again  noting  from  the  present  experiment  that  l,.^  I,,  we  have  from  Eq.  (1(9 


If  lr/ls»ls/lo 


The  second  term  In  the  square  brackets  may  be  neglected.  If  furthermore  we 
let  T^  B  Tg  this  gives 


(17) 
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A  plot  of  I,  vs  >[T^i|  I*  Qivtn  In  Fig.  7.  Tho  oxporlmontal  points  art 
rathor  tcottfrid,  but  moy  bt  rtprtstnttd,  within  txporlmtntol  trror,  by  o 
straight  lint  through  tho  origin.  This  oorrtsponds  to  tho  constants 


If  B  Og 

lo  -1.21  mo  (19) 

h  -  0 

Tht  opon  circuit  voltogt  is  corrtctly  given  by  Eq.  (13). 


Voc  •  0c  “  0a  Tc  In  In  i  (20) 

J-rc  Jto^J+r 

in  which  it  Is  ossumtd  that  J4^  J«a* 

If  wo  substltutf 


I  A  T  2  '^cAc 

•^oc  *  ^c^c  • 


^00  =  ^a^o^* 


”ftiAo 


(21) 


w.  obtain 


TJn 


*^-0 


(22) 


It  is  reasonable  to  assume  that  the  electrons  near  the  cathode  are  at  cathode 
temperature,  T.^  ■  T^,  but  near  the  anode  the  electrons  might  be  above  anode 
temperature,  T_^  T^,  and  then  the  last  term  In  Eq.  (14),  which  was  omitted 
from  Eq.  (13),  would  contribute  importantly  to  Vq^. 
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The  preparation  of  cermet  discs  that  ore  presently  being  used  in  GMR  plasma 
cells  are  os  follows; 

A  powder  mix  containing  80  volume  per  cent  UC  of  6  w/o  carbon  and  20 
volume  per  cent  niobium  ore  green  pressed  Into  1  -Inch  diameter.  The 
niobium  container  is  coated  with  carbon  by  brushing  on  on  Aquodog 
solution  followed  by  o  vacuum  drying  at  700*  F.  The  green  press  Is  then 
loaded  into  the  carbon-coated  niobium  can,  and  pressure  bonded  for  3 
hours  at  2600*  F  under  a  helium  gas  pressure  of  10,000  psi .  After 
pressure  bonding,  the  clodding  Is  machined  to  0.060  In.  (minimum)  on 
the  bottom  and  0.040  in.  (minimum)  on  the  diameter.  The  final 
dimensions  are  approximately  as  sketched  below. 


The  fuel  element  is  then  metallographically  polished,  examined,  and  vacuum 
heated  to  3100*  F.  The  sample  is  then  repolished  and  vacuum  heated  to 
3100*  F.  The  cathode  is  stored  in  an  argon-filled  cotton-pocked  container. 

Calculations  by  BMI  indicate  a  uranium  content  of  20.2  gm  of  U-235. 
Typical  weights  are  as  follows: 


Spec.  Net  Wt. 

38.1  gm 

(UC  +  Nb)  compact 

27.2  gm 

UC 

23.5  gm 

U  (total) 

22.2  gm 

U-235 

20.6  gm 
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I.  Introduction 

In  the  conceptual  design  of  this  diode  (see  Fig.  ^1),  three  important  questions  were 
raised  concerning  the  heat  transfer  and  temperature  distributions  for  the  anticipated  cathode 
temperature  of  2000*  K . 

(1)  Would  the  alumina  sleeve  crack  because  of  severe  temperature  gradients 
near  the  cathode? 

(2)  Would  the  temperature  at  the  end  of  the  alumina  sleeve  be  high  enough 
to  melt  or  weaken  the  metal -to -ceramic  braze? 

(3)  Could  the  cathode  temperature  be  mointained  at  2000*  K  by  a  power 
input  of  600  watts  or  less  (600  watts  being  the  moximum  power  available 
at  the  cathode  from  nucleor  considerotions  of  the  University  of  Michigan 
reactor)? 

Calculation  of  the  heat  transfer  and  temperature  distributions  from  rodiotion  theory  is  extremely 
difficult,  if  not  impossible,  with  this  complex  geometry;  hence  it  was  decided  to  perform 
preliminary  mock-up  studies  to  check  the  rough  colculations  and  to  provide  information  on  the 
points  obove. 

II .  First  Mock-up  Study 

The  first  mock-up  study  was  designed  to  provide  rough  information  on  temperature 
distributions  olong  the  ceramic  sleeve. 

A.  Apparatus 

A  schematic  diagram  of  the  apparatus  is  presented  in  Figure  2.  A  description 
of  it  follows.  A  laminated  tantalum  disc  1-1/4"  diameter  x  .100"  thick,  held  at 
ground  potential,  was  electron  bombarded  to  serve  as  o  heat  source  at  temperatures 
up  to  2000®  K .  Electron  bombardment  was  accomplished  by  using  a  tungsten 
filament  (with  a  Variac  control)  tied  to  the  negative  side  of  a  variable  2.5  kv 
D.C.  NJE  power  supply.  Concentric  with  the  Ta  disc  were  two  Alite  (AI2O3  ) 
cylinders,  3"  OD  x  9/64"  wall  x  2-3/4"  long,' one  placed  on  top  of  the  other 
and  separated  by  two  .060"  tungsten  rods  which  supported  the  Ta  disc.  Chromel- 
Alumel  thermocouples  of  .004"  wire  were  fastened  to  the  upper  cylinder  with 
Sauereisen  cement,  as  shown  in  Figure  3,  to  measure  the  temperature  distribution 
along  the  cylinder. 
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A  water-cooled  nickel-ploted -copper  split-ring  anode  was  positioned 
above  the  To  disc.  A  micrometer  adjustment  was  available  to  regulate  and 
measure  the  cathode-anode  spacing.  The  zero  spacing  was  determined  electrically 
by  noting  a  short  circuit  on  a  meter  Installed  between  the  cathode  and  anode. 
Other  water-cooled  heat  sinks  were:  a  cylindrical  aluminum  jacket  with  a 
polished  reflecting  inside  surface  suiroundi'^.g  the  Alite  cylinders,  and  the  filament 
input  leads.  All  water  rates  were  measured  by  Rotometers  and  the  Inlet-outlet 
temperature  differences  were  meosured  by  Fe-Constantan  thermocouples.  In  this 
preliminary  mock-up  study  no  ottempt  was  made  to  trop  the  energy  radiating  out 
the  open  ends  of  the  Alite  cylinders;  The  large  CEC  bell  jar  system  was  used 
throughout  the  experiment. 


B.  Procedure 


The  variobles  of  the  experiment  were:  the  tontalum  disc  (cathode) 
temperature,  and  the  cathode-anode  (gap)  spacing;  the  top  Alite  cylinder  could  be 
removed  to  study  the  effect  of  heat  loss  to  the  oluminum  jacket.  It  was  decided  to 
obtain  dota  for  three  cathode  temperatures  (maximum  of  2000*  K)  ot  three  gap 
spocings,  and  also  to  obtain  some  doto  concerned  with  the  heot  loss  to  the  jacket. 

The  general  procedure,  once  the  porometer  volues  were  chosen,  was 
to: 

(1)  Raise  the  temperature  of  the  To  disc  to  the  selected  volue.  The  Input 

power  was  regulated  to  prevent  ropid  heating  ond  outgossing  of  the 
components,  since  on  increosed  pressure  from  outgossing  often 
produced  on  ore  at  high  bombardment  voltages.  In  order  to  obtain 
the  "true"  cathode  temperature  from  the  brightness  reading.  It  was 
necessary  to  moke  corrections  for  the  tantalum  emissivity  and 
the  transmissivities  of  the  gloss  bell  jar  and  o  mirror  which  were 
placed  in  the  line  of  sight. 

(2)  Obtain  the  gap  spacing  by  adjusting  it  to  zero  spacing  and  then 
backing  off  the  prescribed  distance. 

(3)  Adjust  water  flow  rates  of  anode,  jacket  and  filament  leads  so 
that  a  readable  inlet-outlet  temperature  difference  was 
obtained  at  steady-state  conditions. 

(4)  Walt  until  the  cylinder  thermocouples  had  reached  steady-state 
values  and  record  data. 
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C.  Results 

1  •  Elimination  of  Arc  Dkchorges  from  the  Molter  Effect 

This  study  was  conducted  in  two  ports  with  slightly  different  set-ups.  In 
the  first  set-up  the  tantalum  cylinder  shield  around  the  1/8”  cu  tublrig  filament 
leods  was  connected  electrically  to  ground.  With  this  set-up,  it  was  found  that  arc 
discharges  occurred  at  the  higher  cothode  temperatures  where  high  electron  bombard¬ 
ment  currents  were  drawn.  Dr.  K.  H.  KIngdon  ottrlbuted  this  ond  corona  type  dis- 
chorges  observed  in  previous  studies  to  the  “Malfer  Effect”.*  In  this  phenomenon, 

Ions  formed  in  the  cell  drift  toward  the  negotive  leods  and  build  up  on  small  non¬ 
conducting  particles  resting  on. the  negative  leods.  In  this  manner  very  high 
localized  fields  are  built  up  to  initiate  discharges  from  field  emission  of  electrons. 

In  order  to  solve  this  problem.  Dr.  KIngdon  suggested  that  the  tantalum 
filament  lead  shield  be  run  at  the  filament  potential .  The  tantalum  shield  could  be 
cleaned  better  than  the  copper  leads,  and  ony  surface  particles  remaining  would  soon 
burn  off.  Therefore,  for  the  second  set-up  the  tantalum  filament  shield  was  connected 
electrically  to  the  filament. 

2.  Results  from  First  Set-Up 

The  results  from  the  first  set-up  are  presented  In  Figure  4. 

Since  these  data  are  also  presented  graphically  with  the  doto  of  the  second  set-up, 
only  a  brief  discussion  will  be  presented  here.  In  Figure  4  the  thermocouple  temperoture 
Is  plotted  versus  the  temperature  at  the  edge  of  the  tantalum  disc  with  the  thermocouple 
position  os  parameter.  The  total  input  power  is  also  plotted  versus  the  tantalum  disc 
temperature.  Because  of  the  discharges  previously  discussed,  the  maximum  cathode 
edge  temperature  obtained  was  2800*  F. 

Of  particular  interest  in  Figure  4  is  the  indicated  temperature  at  the  edge 
of  the  Alite  cylinder  (TC  ^4)  of  970*  F  at  a  tantolum  disc  temperature  of  2000*  K 
(3140®  F).  This  is  considerably  below  the  maximum  operating  temperature  of  1450®  F 
recommended  for  the  ceramic  to  metal  bond. 

3.  Results  from  Second  Set-Up 

The  results  from  the  second  set-up  are  plotted  in  Figures  5,  6,  7, 

8  and  9.  Graph  5  is  o  plot  of  the  total  Input  power  necessary  to  maintain  a 
given  cathode  temperature,  T^,  at  various  spaclngs.  Graph  6  shows  the 
temperature  of  thermocouple  No.  4  os  a  function  of  the  cathode  temperature  at 
different  spocings.  (Thermocouple  No.  4  was  approximately 


★ 


L.  AAolter.  Phys.Rev.  50,  48,  1936 
Guntherschulze,  Zeits.  f.  Physik,  86,  778,  1933 
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located  at  the  position  of  the  alumina  to  metal  seal).  Graphs  7,  8  and  9 
are  temperature  distribution  plots  along  the  cylinder  for  various  cathode 
temperatures  at  spacings  oWI  mm,  100  mm  and  o  respectively. 

The  data  in  Figure  6  indicate  that  the  temperature  at  the  metal  to 
ceramic  bond  will  be  tolerable.  The  high  power  input  (at  ■  2000*  K)  of 
about  900  watt  in  Figure  5  is  attributed  to  the  release  of  radiant  energy  from  the 
open  ends  of  the  Alite  cylinders. 

D.  Sources  of  Error 

The  sources  of  error  in  the  experiment  were: 

(1)  Optical  pyrometry:  Beside  the  usual  error  from  this  source, 
during  the  data  runs  at  elevated  cathode  temperotures  the 
hot  metal  components  released  surface  metal  oxides  onto 
the  glass  bell  jor,  thus  making  it  difficult  to  obtoin  correct 
cathode  temperatures  or  to  duplicate  them  by  optical  means. 

(2)  Emissivity  of  alumina  cylinder:  The  surface  oxides  released 
from  the  metal  components  at  elevated  cathode  temperatures 
were  sprayed  onto  the  alumina  cylinder  causing  emissivity 
changes.  The  alumina  cylinder  changed  from  o  white  to  a 
grey  during  the  course  of  the  experiment.  This,  of  course, 
affected  the  radiation  from  the  cylinder  and,  thus,  the 
temperature  distribution  on  it. 

(3)  Thermocouple  EMF's:  It  was  noted  that  while  running  at 
elevated  cathode  temperature,  when  the  bombardment  supply 
was  suddenly  turned  off  the  thermocouple  emf's  would 
suddenly  drop  several  mv.  This  indicates  that  during  part 
of  the  experiment,  a  portion  of  the  thermocouple  emf  was 
caused  by  electron  bombardment. 

(4)  Thermocouple  stability:  Prior  to  Run  59.0,  it  was  noted  that 
thermocouple  No.  1  would  sometimes  read  lower  than  thermo¬ 
couple  No.  2.  During  Run  59.0,  thermocouple  No.  1  failed 
to  record.  Upon  examining  the  cylinder  and  thermocouple 

No.  1,  it  was  found  that  the  thermocouple  junction  had  vanished. 

To  further  improve  the  accuracy  of  these  heat  measurements,  which  were  felt 
to  be  most  important  from  the  standpoint  of  ensuring  successful  operation  of 
the  ceramic  diode  when  operated  inpile,  the  following  series  of  experiments 
were  also  carried  out. 
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III.  Stcond  Mock-up  Study 

The  object  of  this  oxporiiMnt  vras  to  obtain  data  on  hoot  transfor  and 
tomporature  distributions  for  o  goometry  noortr  to  tbot  of  th*  proposod  diodo  than 
tht  first  mock-up. 

A.  Apparatus 


Th#  mock-up  of  Fig.lOwos  constructed.  This  mock-up  diffortd  from 
that  of  th#  first  experiment  in  several  significant  ways: 

(1)  Only  one  olumirM  cylinder  wos  used  to  simulate  the  sleeve. 

(2)  Tontolum  end  pieces  were  Included  In  the  mock-up. 

(3)  A  Chromel-Alumel  thermocouple  wos  cemented  between  the 
end  of  the  sleeve  and  the  tantalum  end  piece  with  Pyroceram 
(f95)  cement. 

A  gerwrol  description  of  the  mock-up  follows#  with  numbers  corresponding 
to  those  on  Fig.  I . 

A  lominoted  tontolum  disc  (1),  1-1/8"  dio.  by  .100"  thick,  serving 
os  cathode  was  Heliorc  welded  to  o  tontolum  support  cylinder  (2),  o  detailed 
sketch  of  which  is  shown  in  Fig.  11.  Another  tontolum  cylinder  with  end  cop  (3), 
serving  as  anode  for  heat  tronsfer  purposes,  hod  o  1/8"  port  (4)  through  which  it  was 
possible  to  view  the  cathode  and  obtain  the  temperature  with  an  optical  pyrometer. 

The  cathode-anode  spacing  wos  approximately  3-1/3  mm  when  the  pieces  were  cold. 
Concentric  with  the  cathode  were  the  olumino  cylinder,  3"  OD  x  9/64"  wail  x  2-3/4" 
long,  (5)  and  an  aluminum  water-cooled  jacket  (6)  with  a  polished  iijtemal  surface. 

The  sleeve  and  end  caps  were  supported  by  three  evenly  spaced  alumina  rods,  (7)^ 

3/16"  dia.  x  5-1/2"  long,  which,  in  turn,  were  held  by  an  aluminum  ring  (8)  with 

set  screws . 

The  cathode  and  support  cylinder  were  held  at  ground  potential .  A 
10  mil  tungsten  filament  (9)  mounted  to  tontolum  strips  (11),  .020"  x  .2"  x  3",  was 
supplied  by  a  Variac  through  1/8"  copper  tubing  (10)  and  was  tied  to  the  negative 
terminal  of  a  2.5  KV  D.C.  supply,  thus  permitting  electron  bombardment  of  the 
cathode.  The  filament  shield  of  .005"  tantalum  (12)  was  also  ti^  to  the  negative 

potential  to  prevent  discharges  doe  to  the  Mai  ter  effect  .  An  insulator  (13) 

connected  the  filament  leads  to  allow  water  flow  without  shorting  out  the  filament. 

The  mock-up  rested  on  a  piece  of  AlSlMag  ceramic  (14). 
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A  ChromtI-Alumtl  thtrmocoupU  of  .004*  win  (15)  wos  tmlatltd 
botwton  th«  tUovt  and  lowtr  ond  cop  with  Pyrocoram  (^W)  comont,  which  was 
ptaeod  only  at  tha  thirmocoupU  position  in  ordor  that  th#  tantalum  and  cap  might 
•xpond  without  undue  stross.  A  thormocouplt  of  tha  tom#  typo  was  placed  at 
the  top  of  the  sleeve  (16)  but  was  not  cemented.  Thermocouple  positions  on  the 
sleeve  and  In  the  water  cooling  circuit  are  shown  in  Fig.  12* 


B.  Procedure 

The  procedure,  ofter  outgossing  and  pumping  the  system  down,  was 
to  bring  the  cathode  to  a  temperature  of  2000*  K,  allow  the  system  to  reach  steady 
state,  and  then  to  record  pertinent  data. 

C.  Results 

The  pyrometer  temperatures  were  corrected  for  the  tantalum  emiuivity, 
the  bell  jar  transmittance,  and  the  mirror  reflection  (assumed  equal  to  the  bell  jar 
transmittance )  to  yield: 


^Cathode  (corrected)  •  2000*  K 
^Anode  (ocrf^cted)  ■  1230*  K 

The  sum  of  electron  bombardment  and  filament  power  gives  the  total 

input  power: 


PTotol  On)  s  545  watts 


The  heat  conducted  away  by  the  jacket  cooiont  was  negligible, 
but  the  heat  captured  by  the  filament  leads  was 


PFilament(®«»)  ■  8^ 

The  main  results  are: 

(1)  The  power  input  to  the  cothode,  i.e.  the  total  input 
power  corrected  for  heat  loss  to  the  filament  leads, 
required  to  maintain  it  at  2000*  K,  was  found  to  be 
approximately  460  watts.  From  the  first  experiment  it 
was  found  that  an  average  (corrected)  power  input  of 
840  watts  to  the  cathode  was  needed  to  maintain  it  at 
on  average  temperature  of  2050*  K  with  a  gap  spacing 
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of  opproxtmotfly  1  mm.  Thus,  Hm  conduction  olong 
and  radiation  from  tho  tantalum  tnd  plotts  is  380  watts 
lott  thon  tho  radiation  fram  tho  hot  cothodo  to  tho 
onviranmont  os  occurrad  in  tho  first  oxporimonts. 

(2)  With  tho  cothodo  ot  2000*  K,  tho  tomporaturo  at  tho 
Pyrocoramic  joint  wos  1323*  F,  whilo  tho  tomporaturo 
at  tho  uncomontod  joint  at  tho  onodo  ond  of  tho 
sloovo  vras  1026*  F. 

D.  Error  Sourcos 

It  is  bolioved  that  tho  orrors  for  this  exporimont,  although  Idonticol 
with  thoso  of  tho  first  exporimont,  wore  mitigotod  by  using  on  oxtromoly  cloon  boll 
jar  and  optical  system,  and  by  cleaning  tho  tantalum  pieces  of  oxides  according 
to  RLE  specifications.  Tho  experiment  wos  performed  using  tho  Alito  sloovo  of 
tho  fiat  experiment,  and  a  slight  omf  duo  to  eioctron  bombardment  was  observed 
for  the  sleeve  thermocouples. 


IV.  Gxiclusions 


Whilo  tho  results  ore  within  the  desired  ranges^  it  is  felt  that  more  favorable 
values  for  tho  input  power  and  tho  joint  temperature  could  bo  achieved  in  tho 
Second  Reactor  Demonstration  Diode  for  tho  following  reasons: 


(1)  Tho  ond  cops  will  bo  brazed  to  the  sloovo  oround  tho 
circumference  of  tho  cylinder  so  that  o  larger  area 
tteh  that  of  this  experiment  will  be  ovoiloble  for 
heat  conduction.  Thus,  the  temperoturo  at  tho 
joint  will  be  less  than  measured  during  the  present 
experiment. 

(2)  Tho  end  cops  themselves  will  hove  a  longer  conduction 
path  and  a  larger  radiation  area  than  those  used  in  the 
present  experiment  (because  of  bellows-type  geonmtry). 
This  will  frirther  reduce  the  temperature  at  tho  joint. 

(3)  The  emissivity  of  the  clean  sleeve  will  be  less  than 
that  of  the  one  used  during  the  present  experiment . 

This  will  reduce  the  required  power  but  may  increase 
the  joint  temperature. 
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(4)  IXm  to  probitmt  of  altgnmont,  it  was  impoMiblt  to 
coptura  all  of  iht  rodlatlon  from  tbo  ba^  of  tbo  tnd 
cop  cylindtrs.  Thus,  tho  txporlmtntal  value  for 
power  Input  to  the  cathode  Is  larger  than  the  actual 
value,  ockI  It  Is  hoped  that  a  2000*  K  cathode 
temperature  moy  be  maintained  with  less  power. 

(5)  If  the  reactor  diode  contains  woter-cooled  leads  to 
filaments  within  the  cathode  and  anode  support 
cylinders,  these  will  provide  additional  heat  sinks. 


Apptndlx  V  “  ^  ■ 

Figurt  1 

Propostd  Stcond  Rtaetor  Dtmonstration  Dlpdt 


Appendix  V 


-n  - 


I 

I 

I 


Ftgun  3 

ThtrmocoupU  PoitHon  on  Altli  Cylindtr 


TTHTCRirruiCE  l>«%T«iOvrri*N  m  /IM  ^uNiNU  CyLiN^va^ 


«•*•  Cd^m.  •{  ~r«t%4»tw*<^  9  ICC 


Appendix  V 


-  14- 


ilfitiUgif 


!l^***I**!*'«M!r| 

ipt  i.ii 

»t  ******** 

iiiiil 

illli 


IBjiiiiiniiiii 
...  _ _ 

|||SiSS||!SBS|SiSlliBi^ 
iiiSSSSiSSSBSISSSBi^^ 

iii  iiiiiiSiaiiiliiiHHKinaHi 


^  iiiiii 
ttTTt  t»  iT* ***** 


tiaaaaaaaaasgiis 

SSBSB^SCBSSm- 

■s— sggaaigia 

BSSSSSBSgBSSSEi 


**i**f**4»  **•—** 

M  •tfM  •«••«••••• 

3  :in: 

»•••••••«« 

3»»««4  •••***{••■  I 

3||:::n!|::::::| 

* ;;«!«; . 

itn::! 

•••••«« 

- - 

«uui  (o^tuti  iliiniiii  i 

•••••  I 


iiillii, 


iiiliillBiPBBaBBBBiBiiaBgaHBBi 

i|p|||aBim|gB|||a|  laaaaaaiii 

liiBiiaiiBaaaBBBaBaaaBBBBi 


il||i|B|BB|B|||BBBBBBBBBI 

iPiBiBBBaBaBBliiiHliilmiiMHB-ai 


2ftfil***n***^«*«»***«**»4< 


/S-e^^C 


Apptndix  V 


ttt«  atti  wtt  tmt  mt;  am  ttrti  tr-n  mti  rttti  rttrt  r 
( Jul  HiH  BmI  Hill  Hill  HW*  HH*  frt  *  tlflf  fftti  HfH  P 


um 

tm 


1:11!  lilt:  n::i:;:!!i:l!;!:i;:;!;;;:;i:l 

. -  *•••••»•«•  ••»««**i**  ■*■••••■•> 

mtsmt;  !««•« 

iaiiiiliililliiiliiiii 

iaaH»aaai::i^i;:aaFaaaniiaHaKiiiiiiiiiiiiii 

linaHi’BBHBBaBttnaiiaBBlBHBfiBlIiiiiii 

IgiaKBi'l'HFKBKBBBKKBBHlBBBHBBiiliiiiii 

IBBlllBl'MnBrili: 

BBBBBBBBilfBBfSBBBBBBBiiBBBllBlil 

LSBlBlil 


■ 

BBBBBevBBKhBBBlBHBBBlBBB 

llHBFBBI.llBBBBBBBI 
BBBBlif-BBBBBBflBBBBi 


H 


BBBBBBBBBBBBBBBBBBBBBBBBPflflBisBI 

'BBPBBBBBflBlBBBBfjBB''iBriBiliiiiPi| 
^fflf'BHBBBBBBBBBBfjBlli: 
SBBBflBBBF'i^BBBBfrWBBBBB'iBBBif 
BBKK&BBBBBBBBHBHBBBf 
nuHHnnnnnnHnMBBBB 

ihB  ihTi  will  iMii  iCO  OZm ISXu  tXBStXZfl  tiTTi  IH«*  tiTTi  iXXX*  i  *1*  11113  'll* ■ '  •XX3 

iB'/JBiili 


iiiililS 

’***rJST«**5C  I 

>•••••  fa*  *•«»*  I 
■*a«  I 


.  M  »•«*•••*•«  I 


m 


>113  mUllSl*  aasll  laala 

4««  tt«44 1  •*«*•*• 

3«4  *«**a**i** 


■BBBBBBBBBBBBBBBflliiilliil 

IBBflBiiBBlP 
yVHBBBfiBrilBBlliilBil 


■■aiiriBKaB; 
■FJBBBlBBBBlBBBra 
riBBBHBBHBBBBBBBliii 
BBaPBBBBPBBBBBBlIli 
iBBBBBBBtjBBBBBBliii 
!BBlBBiiBBlBBflliliiiii 

)«« ••!»* ••••* •l4*»  *••••• *••* 


^}H********** 

'  VMt*****!  I 

K*f«»**aaa*_ 
if  ••••4M***** 
•iMMlf* . 


w::  lunsnu , 

i  Hit:  Kt«  tmjuHi !«« ttf|:  rstn;::::  I 

Piillllillilliliiiiiilliii 


>fff«  iflltfillaMlt*  ••••r  " 


7(V/^£?P  C54/ 


Appendix  V 


-16- 


ligi.filMlllllllBlBllHBBlliiliiPiiiil 
F|gg|f||.|:|l<.it.BBBBBBBnillBB§iBBll!iii 
Bflfli 'Blt'H'tlilBBBBBBflffiBBBBBBilBliiiii. 

BiiisBSBsass&se^^^ 

iiSnBlrBSiflBSSSBBflSSSnBSSuflSiHil 


IBflfcBi'BPP 


!llBEFtPBRIFI:;l-BBBBBaBBlBlfiBi.BBHniii 


gggitftgggg 


riBBff,9BBBf§BBBl 


BlBBlBlBlBBlPiBBlIi: 


SitsiiM 


ttmmtntiitti 


2>/^7  cy£./AyO/^/ii, 


Apptndlx  V 


-  17  - 


ggagg^gBaaggagiiaiil 

HHIi'i:'PHHjinnnunnBHMSSHSnnnnSBBPP''^i 


finwisB 


Sihthi: 


BiSliiliJlHlliili 


IBiriBBBfliiii 


[£p»u:;s;!'4n>m: 


3/  7c/OPt?  C>A^y 


Appendix  V 


-18- 


4- 


o 


mm 


••S  V 


liC*07tOA/ 


ZSKV 
A/rtv  nettv 
leie^ttteA/tc 
"b-c,  Potufe 
A^/^/vcr 


Lamlnattd  Tantalum  Diic,  l-l/B*  Dio.  x  ,100"  thick 
Tantalum  End  Cap,  20  mil  ihoat.  C.f.  Fig.  2 
Tantalum  End  Cop,  Anodt,  20  mil  shait.  C.f.  Fig.  2 
1/8"  DIa.  Vlawing  Port 

AlIta(Al203)  Cylindtr,  3- OD  x  9/64- Wall  x  2-3/4"  long 
Aluminum  Jackat,  Pollshtd  Intamol  Surfact,  3-1/2"  ID  x  5-1/2"  long 
Alumina  (Al  2O3),  Support  Rods,  3/16"  DIa.  x  5-1/2" 

Aluminum  Rttalnlng  Ring 
Tungtttn  Fllamant,  10  mil  wira 
Coppar  Tubing,  1/^"  OD 
Tantalum  Strlpi,  .020"  x  .2"  x  3" 

Tantalum  Fllomant  Shield,  5  mil  sheet 

Polyflow  Insulator 

AlSIMog 

Chromel-Alumel  (.004"  wire)  Thermocouple,  Positioned  by  Pyroceram(f95)  Cement 
Chromel-Alumel  (.004"  wire)  Thermocouple,  Uncemented  Position 


Fig.  10.  Schematic:  Mockup  for  Proposed  Second  Reactor  Demonstration  Diode 
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Appendix  VI 


On«  of  the  problems  to  be  cortiidered  in  selecting  moteriols  for  use  In 
low  pressure  plosmo  6\o^  experimenh  is  the  interoction  between  the  various  construction 
nwenols  and  their  environment  at  their  operating  temperature .  Moterkils  that  exhibit- 
hi^  va^r  pressures  or  high  dissociation  pressures  may  greatly  affect  the  characteristics 
of  the  plasma  cell .  Also  reactions  between  adioining  materials  may  produce  new 
materials  *at  Irave  poor  temperature  characteristics .  In  order  to  oid  in  the  evaluation 
and  selection  of  the  various  plosma  diode  construction  moteriols,  the  following 
thermochemical  equilibrium  calculotlons  and  data  ore  presented. 

Chemicol  Reoction  Equilibrium 

In  reviewing  the  literature  for  chemical  equilibrium  dota,  one  may  discover  that  the 
data  ore  presented  in  a  variety  of  different  ways .  In  order  to  assist  in  the  evaluotion 
ot  the  data,  the  following  therrTX)dynomic  relationships  ore  presented. 

Knowing  the  equilibrium  states  for  ony  chemical  system  as  a  function  of  the  three 
indepencfont  variables  -  pressure,  temperature,  ond  initiol  composition  -  one  con 
^dict  the  equilibrium  or  rrxiximum  possible  degree  of  conversion .  The  moximum 
d^ree  of  conversion  will  be  attained  only  when  the  system  has  reached  equilibrium, 
whi^  will  require  ori  infinite  omount  of  time.  Nevertheless,  this  equilibrium  point 
IS  of  great  practical  importance  since  it  establishes  on  absolute  limit  beyond  which 
the  reaction  cannot  go. 

For  condensed  systems,  and  particularly  at  elevated  temperatures,  it  is  convenient 
to  express  thermochemical  functions  in  terms  of  temperature  and  pressure.  In  general. 
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s,  Tho.  I,  ■rd::!';:  .trn«  ttxJr 


^  •  Ht  ‘TSj 


or  for  an/  Isotharmal  procots 


AF^zAHt-TASt  do) 

For  a  givon  chomlcal  rtaction 

Afl  •  I  f  T  (produch)  -  Z  Ft  (rMctooh)  (2) 

b«  the  pure  solid,  pure  liouid  or  pure  oos  at  '»  *o 

;."P.™h,r.  i„  whlA  w.  i;.«rd"^Th  rF*^fr  ’’'"’“".r 
tendency  of  o  substance.  We  moy  now  intnvJ./  ^  1  reocting 

defined  by  ^  ^  introduce  onother  quontity,  the  octlvity,o( 

Ft  -Ft*  =  RTIncX, 

For  -h.  .rondord  .M.,  *,  ^  ^  ^ 

If  we  now  consider  o  reaction  of  the  type 

wA  +  xB  B  yC  +  zD 

Ih.  Chong,  in  fr„  tonporotor.  becom« 

-fFc  .zfo  -(wF^  .xFj)  (^) 
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Now  if  th«  rtactonts  ort  in  fh«ir  ttondord  stattt  and  noct  complattiy  to  giva  th« 
products  in  their  standard  stotos,  the  fret  energy  change  becomes 

AFj*  -  yF(f  ♦iF,J  -(wFa*  ♦xtg*)  (4b) 

Subtracting  reaction  (4b)  from  (4o)  we  get 

Afj  -iff  .  yifc  -F(f)  +  i(F()  -F[)*)-w(F>^  -Fa*)-x(F,  -Ij*)  (4e) 

or 

Afj  r  AFf*  .  IIT  In  (4d) 

At  equilibrium  AF  will  be  equal  to  lero,  thus  equotion  (4d)  reduces  to  the  form 

AFj*  .  -RTinK  (5) 

where  K  is  called  the  equilibrium  constant  and  is  equol  to  the  equation 

K  .  (°^d)'  (6) 

In  studying  the  equilibrium  yield  of  a  reaction,  the  first  step  is  to  evoluote  the 
equilibrium  constant  as  a  function  of  temperature.  This  can  be  accomplished  by 
utilizing  thermodynamic,  data  only  if  the  heot  of  reoction  and  entropy  of  the  reaction 
at  one  temperature  and  complete  heat-copacity  dota  ore  availoble.  Thus  by  the 
relationship 


A  Ft*  -AHj*  -TASj*  (7) 

AF  *  and  therefore  K  can  be  calculated  if  A  Hj*  ond  ASt*  can  be  evaluoted. 

If  we  know  the  heat  of  a  reaction  at  some  reference  temperature,  A  H*0f  /  we 
can  cal  culate  the  heat  of  reaction  at  any  other  desired  temperature, 

A  Hj*,  provided  that  we  know  the  heat  capacities  of  the  reactants  and  products. 
This  can  be  accomplished  as  illustrated  in  Figure  1 . 
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Thui  AHi^ 


Figurt  1 


(B) 


In  a  like  manner,  the  change  in  entropy  can  be  evaluated  by 

Acp^ 

Aef  ' 

where  ACp  ■  £Cp  (products)  -  £  Cp  (reactants) 


(9) 


Equation  (7)  would  form  a  straight  line  (plotting  A  Ff  *  against  T)  if  AHj*  and  ASf0f  were 
constant.  In  many  cases  their  variation  with  temperature  is  small  enough  to  allow  a 
straight  line  plot  using  average  values  of  AHj*  and  ASj*  which  is  very  useful  for 
most  estimating  purposes.  The  assumptions  of  constant  A  Hj*  and  ASj*  is  equivalent 
to  assuming  that  the  total  heat  capacity  of  the  products  of  the  reaction  equals  that  of 
the  initial  reactants,  i.e.  ACp  s  0.  This  assumption  is  surprisingly  good  in  a 
great  many  cases.  Now  applying  the  above  assumption  to  equation  (5),  we  get 


In  K 


(10) 


so  that  a  plot  of  log  K  as  a  function  of  1/T  approximates  a  straight  lino. 
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«**  •^"W  Ai'"  «•  no»  ovallobU, 

•quations  (7)  cmd  (10)  art  prtttnftd  os 


Afl 

InK.  .C 


tho  oppllcotton  of  ociuotiom  (B)  ond  (9)  lo  oquollon  (7)  rowlli  In  H<o  bllowliSi 

Af,*  .  (AH;^,-ACpT^,).  ACpTInT  +[ACp(l  +  In  T,^)- AS*„,,]t 

In  tonm  of  tho  oqulllbrlum  comlont,  oquoHon  (13)  rtducot  lo  Iho  form 
InK  .  tUnT  +  C 

^urlibrio  utilizmg  storidord  booh  ond  fm  tnorgloi  of  lormotion^  o  roZmeo 

bm^otor.  u.,«lly  piekod  at  25  dogro*  C  olong  with  ob»l„t,  ,ntn,pl«  ond  Imot- 

copcly  ogwIiOTs.  Anolhor  opprooch  usod  in  thormochomlcol  coleulotlora  Is  Iho 

'  ^  fr«7"*W-f«"e«on.  Tho  froo-onorgy-funetlon  is  mlotod  to  tho 

mtrmodyrKimiC  equation  (7)  as  follows: 


fef  « 


where  fef  .  free -energy-function  o  The  change  of  the  free-energy-functlon,  Afef 
at  a  temperature  T  is  defined  as  ^ 

A  fef  ■  A(fef)products  -  I  (fef)reactant$  / 


Afefj 


T  _ 


I 
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If  OM  con  obtain  Afafy  from  tablet,  he  can  make  an  Independent  evaluotlon  of 
the  hMt  of  reaction  at  the  reference  temperature  and  thus  will  have  a  meant  for 
^culatlng  the  chonge  In  free  energy  for  the  reaction  In  quettlon.  The  data  for 

‘“*"**y  at  one  of  two  reference  temperoturet. 

(fT  -  Ho)/T  It  more  eotlly  colculoted  for  gotet  where  (Ft  -  H  298  )A  It  eatler 
to  ute  with  colorimetric  heatt  of  reoctlon  which  ore  utually  meotured  ot  room 
temperature,  298«  K .  Convertlon  between  thete  two  reference  temperoturet  It  a 
^mon  procedure  ond  requlret  knowledge  only  of  the  relatlonthlp  (H  298  -  H©), 


(18) 


Some  of  the  reactlont  encountered  may  hove  one  or  more  of  the  componenti  In  the 
gateoM  ttote.  At  elevated  temperoturet  and  at  preuuret  lett  thon  o  few  atmotpheret, 
^tet  follow  the  Ideal  gas  low  clotely,  thut  the  activity  of  the  got  can  be  approximated 


^  O’) 

where  p  It  the  partial  pretture  of  the  gas  In  atmospheres  ond  p©  It  the  standord 
ttate  pressure,  namely  I  otmotphere.  In  vopor  pressure  colculatlons  where  a  solid 
IS  in  equilibrium  with  Its  vopor,  I.e.  M(,)  .  M/^n,  the  equilibrium  constont  It 
equal  to  the  vapor  pressure  expressed  In  atmospheres,  thus  equation  (12)  would  become 


In  p  ■  -  ^^ref  ♦  C 

RT 


(20) 


The  relationship  between  vapor  pressure  and  temperature  Is  usually  derived  from  the 
well “known  Clausium“Clopeyron  equation 


An  approximate  solution  of  this  equation  Is 


(21) 


In  p  r  -  A  +  g 

f 


(22) 


t 
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wh«rt  A  and  B  art  arbitrary  comtanh.  Mony  tlmts,  vapar-prtssurt  data  art 
mort  aceurattly  rtprtitnttd  In  ttrms  of  tbt  frtt  tntrgy  af  vapertzation  by 


In  p 


(23) 


It  should  bt  nottd  that  aquation  (23)  Is  vary  similar  to  aquation  (20)  dtptnding 
upon  tht  assumption  ustd  In  obtaining  and  In  tht  tvaluatlon  of  AF** 

Do  to 

Prtstnttd  In  FIgurt  1  art  tht  frtt  tntrgits  of  formation  and  frtt  trrtrglts  of 
vaporization  of  a  ftw  mattrlals  that  havt  possibit  appllcotlon  In  tht  plasma  diodt. 
Tht  txampits  prtstnttd  btlow  show  how  tht  frtt  tntrgits  listed  In  FIgurt  1  con  bt 
ustd  to  calculate  vopor  pressure,  dissociation  pressure  and  free  energy  changes  In 
chemical  reactions. 

Exomple  I 

Calculate  the  vapor  pressure  of  uranium  ot  1000*  K. 

From  Figure  1 

U.  •  U,  -  af; 

where  -AF*  «  71,000  col/mole  ot  1000*  K 
Then  In  p  ■  -  ■  -35.5 

TT 

so  p  ■  3. 1  X  10  otm  ■  2.3  X  10”^^  mm  of  Hg 
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Exomplt  2 

Calculatt  th«  oxyg«n  prtuurt  du«  to  th«  dluoctation  of  AhOo 

atl000»K. 

From  Figuro  1 

I  Al,0^.  JaI  +  02  -AF* 

whoro  «AF*  -  219,000  col/molo ot  lOOO*  K 
Thon  In  p  ■  -110 

so  p  s  1 ,6  X  10*^  otm  •  1 ,2  x  10"^^  mm  of  Hg 


Exompio  3 

Gilculotf  th#  fre#  tnorgy  for  tho  chtmicol  rtoction  botwotn 
UC  and  To  at  2000*  K. 

Ta  +  C  «  TaC  -  32,000  cal/molt 
UC  »  U-^C  »  10,000  cal/moU 
Ta  +  UC  .TaC+'U-  22,000  ca I/mole 

Thus  the  free  energy  of  this  reaction  indicates  that  the  reaction  will 
proceed  to  the  right  with  the  formation  of  ToC  and  free  U.  This 
is  not  the  full  story,  however,  for  now  the  free  uranium  nwy  alloy 
with  any  free  tantalum  thus  making  the  reaction  proceed  further 
to  the  right  than  Indicated.  But  In  any  event.  It  can  be  said  that 
UC  will  react  with  Ta  at  2000*  K  to  form  free  uranium. 
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Tomperafure,  ®K 


Appendix 


CMium  DIodt  Osclllattons 


Som«  prtllmlnary  txptrlmtnh  hovt  bMn  carritd  out  on  coslum  containing  diodot. 
Particularly,  tht  question  of  plasma  oscll lotions  have  boon  studied.  Recent  experiments 
In  other  lai)oratorles  hove  Indicated  that  the  efficiency  and  frequency  of  oscillation 
of  a  cesium  diode  vary  with  the  emitter-collector  spoctng. 

In  particular,  the  efficiency,  defined  as  the  ratio  of  the  measured  maximum  output  power 
to  the  input  power,  corrected  for  leod  loss,  has  been  observed  to  Increose  with  decreased 
emitter-collector  spacing,  and  oscillation  frequency  has  been  found  to  Increase  with 
decreased  spacing.  To  check  out  these  observations  with  cylindrical  geometry  ond 
to  obtain  more  data  on  the  characteristics  of  cesium  diodes,  it  was  decided  to  construct 
0  triple  cesium  diode  with  anode  diameters  of  0.102  In,  0.218  In,  and  0.437  in. 

See  Figs,  la  and  lb. 

Each  diode  has  a  10  mil  thoriated  tungsten  filament  (about  I  in  long)  which  serves  os 
0  cathode  surrounded  by  o  cylindrical  molybdenum  anode  0.5  in  long.  The  filaments 
ore  separated  and  con  be  hooted  one  at  o  time,  but  the  anodes  ore  common,  being 
machined  in  o  single  molybdenum  block.  Measurements  have  been  mode  of  the  effect 
of  varying  both  temperature,  filament  temperature  and  the  anode  diameter  on  the 
efficiency,  frequencies,  and  waveforms  of  the  oscillations,  and  the  l-V  characteristics. 
The  results  of  this  work  are  presented  here  and  discussed. 

Tube  Fabricotion  and  Operation 

The  molybdenum  anode  wos  hydrogen  fired  prior  to  assembly  on  the  tube  stem,  and  the 
thoriated  tungsten  cleoned  and  straightened.  The  filaments  ore  spotted  to  the  molybdenum 
rod  supports  and  the  anode  is  held  mechanically  (Fig.  1b).  A  nickei  wire  spotted  to 
the  anode  serves  as  one  leg  of  a  Ni-Mo  thermocouple  where  the  Mo  leg  is  one  of  the 
anode  support  rods.  The  glass  bulb  is  Nonex.  The  tube  was  pumped  down  to  K  10*^ mm 
after  bakeout  at  450*  C  and  after  induction  outgossing  the  anode.  The  Th-W  filaments 
were  then  activated  according  to  the  schedule  outlined  by  Kohl .  After  seal -off, 
cesium  was  released  by  flashing  cesium  chromate-silicon  getter  pellets. 

The  filament  is  directly  heated  by  a  60  cycle  half  wove  rectified  power  supply.  Mea¬ 
surement  of  voltoge  and  current  is  made  during  the  heating  cycle  off  time  to  eliminate 
voltage  gradients  along  the  filament. 

Measurements 


Current-voltage  characteristics  were  measured  at  various  filament  and  bath  temperatures. 
This  operation  requires  a  modified  Tektronix  531  scope  together  with  a  blanking  circuit 
which,  except  for  one  point  on  the  i(t)  and  V(t)  curves,  blanks  out  the  whole  curve. 

The  l-V  characteristic  is  swept  out  by  varying  the  load  resistor.  A  typical  l-V 
characteristic  is  shown  in  Fig.  2.  The  region  below  the  knee  of  the  curve  that  exhibits 
Lissajou  figures  indicates  a  region  of  oscillation. 
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Th«  octual  •xptrtriMntal  M»-up  uMd  to  d«ttnnln«  riw  choracttrtstics  ii  shown 
In  Fig.  3.  Tht  TR-IO  solid  stofo  analog  computor  was  utilizod  io  locott  and 
moosura  the  maximum  InstantarMous  power  output  point.  A  block  diagram  for  this 
set-up  IS  shown  In  Fig.  4.  The  TI-IO  solid  state  analog  computer  multiplies 
the  current  and  voltage  to  give  the  Instantaneous  power  output  which,  along 
with  the  voltage  and  current.  Is  displayed  simultoneously  on  the  Tektronix  555 
Scope.  By  varying  the  load  resistor,  R|,  we  can  easily  zero  In  on  the  maximum 
power  point.  Fig.  5a  shows  the  physical  orrangement  for  these  measurements 
and  Fig.  5b  shows  typical  voltage,  current  and  power  traces  on  the  Tektronix. 


Fr«,UMCy  ond  «,.(8m  of  Km  OKlIlotloo  ol  vorlou.  nioiMot  and  bod. 

«!.  ol>»r,«l.  ^  T.k(ronlK  555  Kop.  I.  ld«.l  for  making  Ihl.  mMwnnwnt 
•MfoT  “I'  »"d  <«iploy  It  on  o  mogninW  Cm. 

P«w«  >nP«rt  to  rt>o  fllonmnt  I,  monitormf  wl  o 

Ar^t^hT’rjl!'m  **  *?  *'"*  «""•  =rt"9 

It..  wHm.t.r  to  ih.  niom.nt,  ond  Ih.  ocluol  povnr  diutpofod  In  Ih.  flloiitont.  To 

9.t  Hi.  oetool  fllomMt  ^wor.  It  t«  n««ioiy  to  subtract  from  tb.  wottmotor  raodlng 
the  power  dissipated  In  the  lead  wires. 

Th.  flloctont  tom^ratura  Is  d.t«mln.d  with  on  opticol  pyramotor  aSN),  ond  th. 
both  twifmtur.  Is  controllwl  by  th.  Copocltral  tMip.ratur.  contralfor  which 

opOTtml^  oy»  housing  Ih.  wlum  dlod. .  Th.  onod.  t.mp.ratur.  wos  monllorad 
by  o  Ta-Afo  thermocouple  attached  to  the  anode. 


Diode  Efficiency 

The  maximum  diode  efficiency  is  plotted  os  a  function  of  cathode  input  power  and  " 
both  tempe’oture  In  Figs.  6,  7  and  8  for  the  small,  medium  and  large  anode  diodes 
respectively.  The  data  of  Figs.  7  ond  8  do  not  show  as  marked  a  sensitivity  to 
Tjj  os  does  that  in  Fig.  6.  These  measurements  were  made  using  the  onalog 
Mmputer  circuit  of  Fig.  4.  Power  to  maintain  bath  temperature  was  neglected 
in  this  computation.  The  highest  efficiency  was  meosured  for  the  small  anode 
and  is  7.5%  for  Tb  =  200«  C  and  T^.  .  2W  K  (Fig.  9)  which  is  consistent 
with  the  value  reported  by  Houston*  for  a  cesium  converter  using  a  thorium 

*  Houston,  Report  on  20th  Annual  Conference  on  Physical  Electronics,  72,  1960 
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cited.  Houilo«re(»rt.an.fncI»cyof7»otT|,  .  175*  C 

EitlinHng  Hw  wnltitr  otm,  Ihls  cormpondi  to  o  currant  density  of  3  82  o/atf 
ond  powor  *n.lty  of  5.3  wotVen,  2.  ^  doto  to, 

Thl*  P»»Ibl7  cor^d.  to  sST^ 

higlior  diodt  currant  sinco  Houston's  3.82  Vcm2  is  still  below  tbe  value  of 
loturated  emission  for  Th-W  of  this  temperature. 

The  .fBcI«cy  Increosos  wilb  decraose  in  anode  dln^oter,  which  Indicotes 

lTo:lr:frpeX^ftor 

rhoprwiT^zrr^^^^^^^^  fzEi  ‘ 


Toble  I 

Anode  Temperature  Characteristics  for  T|,  .  100*  C 


Time 

Anode 

Power 

Anode 

Temp. 

Anode 

Input 

T^fflp  e 

min 

•K 

Size 

wotts 

•K 

0 

372 

S 

8 

551 

5 

* 

S 

10 

623 

10 

513 

S 

12 

658 

15 

563 

20 

590 

M 

8 

533 

25 

601 

M 

10 

578 

30 

606 

M 

12 

623 

35 

610 

40 

610 

L 

8 

45 

612 

L 

10 

511 

50 

612 

L 

12 

568 

Input  power  across  cathode  In  small  anode 
of  8  watts  applied  at  5  min. 
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From  theM  very  prelimlnory  observotions  made  to  far 
we  may  draw  the  fallowing  conclusions: 


on  cesium  plasma  tubes, 


a.  A  diode  efficiency  of  7.5%  has  been  measured  far  Tb  ■  200*  C,  Tc  ■  2190*  K 

ond  anode  O.D.  of  0.1  In.  This  corresponds  to  o  power  density  of  8.3  wotVcm2 . 

b.  Oscillations  In  the  frequency  range  3  to  100  kc  have  been  observed  for  o 
Tb  ■  200*  C  and  a  Tc  ■  1400*  K  over  o  very  limited  cathode 
temperature  range. 

e .  Oscillations  for  ambient  both  temperature  decrease  In  frequency  with 
Increosed  load  resistance  for  a  fixed  Tc  ond  the  range  Is  100  to  600  kc. 

d.  ^der  certain  conditions,  oscillations  do  not  start  at  short  circuit  currtnt 
but  at  a  finite  diode  voltage. 

e.  Oscillation  frequency  varies  very  roughly  inversely  with  the  square  of 
anode  diameter. 


Some  typical  oscillograms,  with 
Figs.  10,  11,  12,  13. 


operating  conditions  stated,  ore  shown  in 
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Flg.  1o 

Ctitum  dIod«  ^2  (CD-2)  b«for« 
cMtum  p«lltH  (In  th«  sldt  arm) 
wart  flrtd. 


Fig.  1b 
SIdt  vltw  of  CD-2 


H 
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Ftg.  2 


I  >vi  V  CharacttrlsHc 
V*  •  1  mq/cm  Tb  «  100»  C 

H*  >  0.5V/cm  Tc  ■  1955*  K 


*  V  rtftn  to  vortical  oscitloicope 
tomitivlty  and  H  rofon  to 
horizontal  sonsltlvlty.  Thli  ii 
utod  In  lubsoquont  figuros  at 
Will. 


Fig.  5a 


Exparlmonlol  lat'tip  uM<i  fo 
niaaturt  maximum  powar 
output  of  CO-2. 


Fig.  5b 


1.  Voltage 

2.  Current 

3.  Power  ■  Voltage  x  current 

Time  Is  Increasing  to  the  left  for  this  and 
subsequent  V-tIme  traces.  Note  that 
the  D.C.  level  decreases  with  time 
between  heating  pulses  corresponding 
to  filament  cooling. 


11 


(%) 
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I 

I 

I 

I 


I 

I 

I 

f 


Fig.  10 
Anode:  Small 

V  ■  0.005  V/cm  Tb  •  200*  C 
H  ■  5./iiec/cm 

Tc  ■  1350*  K 

V  -  0.01  V/cm 

H.2m»e/em  .  5^ 

f  ■  74.1  kc.  No 
oscillation  for 
Tf  <1350»K 


Fig.  n 


1.  V 

1.  H 

2.  V 
2.  H 


Anode:  Medium 


0.01  V/cm  Tb  -  200*  C 
KLH  sec/cm  ^ 

Pin  -  2.3  W 

0.01  V/cm 

Rl  •  sSL 

2  msec/cm 

f  -  21.3  kc 

No  oscillations  for 

Tc  <1346»  K 
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Plg.  12 

AnO'de:  Large 

1 .  V  r  0.01  V/cm  Tb  ■  200*  C 

1.  H  ■  50J^i9c/crr  Tc  •  1410*  K 

Pin  *  2.70  W 

RL  ■  5XL- 

2.  V  ■  0.02  V/cm 

f  ■  5.1  kc 

2.  H  •  2  m$ec/cm 

No  oicitlotions  for  Tc  ^  1410*  K 


Fig.  13 


Ano ie:  Large 

0.005  V/cm  Tb  ■  200*  C 

lOOLAwc/cn  Tc  -  r/SO*  K 

0.005V/cm  ITn-5.8W 

2  miec/cm  ^L  ■  5XV- 

f  -  3.4  kc 


